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REMARKS 

In an office action mailed February 5, 2010, claims 26-41 have been rejected. In 
response, Applicants have amended claims 26, 33 and 40, cancelled claims 30, 31 and 41, and 
provide the herein remarks. Claims 26-29, and 32-40 are pending examination. Entry of the 
herein amendments and remarks is respectfully requested. 

Statement of the Substance of the Interview 

Applicants would like to extend their gratitude to Examiners Long and Woitach for their 
willingness to participate in an in-person interview with inventor, Victor van Beusechem, 
European Attorney, Mark Einerhand, and Lauren T. Emr, on May 19, 2010 at the USPTO. 

During the interview, Examiners Long and Woitach were gracious enough to allow Dr. 
van Beusechem to present a series of slides that compared adenoviruses of the cited art with the 
claimed adenovirus, and to discuss publications that support "a poor likelihood of success" when 
combining the teachings of the cited art. 

The language of claim 26, and the cited documents by Fueyo, Lin and Hallenbeck were 
discussed. Although an agreement was not reached during the interview, Applicants appreciate 
the guidance and feedback provided by the Examiners and are hopeful that the herein response 
will convince the Examiners of the patentability of the claims. 
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Claim amendments 

Claim 26 has been amended to change the article preceding "recombinant adenovirus" 

from "a" to "the." The relevant part of claim 26 now reads: 

". . .whereby said restoring factor induces accelerated cell lysis and/or a faster 
release of virus progeny when compared to a the recombinant adenovirus lacking 
said coding sequence,. . ." 

This amendment was made to clarify that the comparison is made with the recombinant 
adenovirus lacking said coding sequence. 

Claim 33 has been amended to correct a spelling error. Claim 40 has been amended to 
correctly refer to a sequence. No new matter has been added. 

Sequence Compliance 

The office action points out that claim 40 allegedly does not conform to the sequence 
rules. In response, Applicants have amended claim 40 to conform to the sequence rules by 
reciting "SEQ ID NO: 5." 

Rejections Under §103 

Claims 26-27 and 30-41 have been rejected under 35 U.S.C. § 103(a) as allegedly being 
unpatentable over Fueyo et al. in view of Lin et al. Claims 26-33, 35-39 and 41 have been 
rejected under §103 (a) as allegedly being unpatentable over Hallenbeck et al., in view of Lin et 
al. Applicants respectfully disagree with the rejections. 
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According to the Examiner, Fueyo disclose a replication competent adenovirus having the 
adenovirus ElB-19kDa and ElB-55kDa proteins. The Examiner notes that "it is clear from 
Fueyo that their adenovirus induces apoptosis in p53 deficient cells. . ." 

According to the Examiner, Hallenbeck disclose a tumor specific replication restricted 
adenovirus having "the essential El A gene. . .expressed form a tumor-specific promoter." The 
Examiner recognizes that neither Fueyo nor Hallenbeck disclose an adenovirus having at least 
one mammalian restoring factor functional in restoring the p53 apoptosis pathway. 

The Examiner cites Lin as allegedly disclosing an adenovirus p53 variant that purports to 
restore function in cells that lack endogenous p53 and induce apoptosis. Therefore, the 
Examiner asserts that Lin teach an adenovirus that contains a mammalian restoring factor. 

The Examiner alleges that it would have been obvious to a person of ordinary skill in the 
art to incorporate the tissue specific replication conditional control features of Fueyo or 
Hallenbeck into the adenovirus p53 construct of Lin, and arrive at the claimed invention. For the 
following reasons, Applicants strongly disagree. 

Lin is concerned with a replication defective adenovirus that contains a mutant p53 gene. 
The mutant p53 is deficient in MDM2 binding. The mutant p53 of Lin is basically the same as a 
wild type p53 ("wt p53) with the exception that it does not efficiently bind MDM2 (Lin et al, 
page 5896, right hand column section "The transcriptional activation activity of p53 14/19"). Lin 
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states that the adenovirus with the mutant p53 can induce the endogenous p53 regulated gene 
products, which are involved in growth arrest and apoptosis at similar levels to adenovirus with 
wt p53 (last sentence of the mentioned section on page 5896). 

The way that replication defective p53 containing adenoviruses work is detailed, among 
others, in a review by McCormick (2001), a copy is attached hereto as Exhibit A. Figure 2 of 
McCormick depicts a viral vector containing a tumor suppressor gene. The effect of the virus in 
a normal cell is presented and the effect of the virus in a tumor cell is presented. In normal cells, 
there is no effect whereas the tumor cell is triggered into cell cycle arrest or apoptosis. 

The concept of oncolytic viruses is very different. McCormick explains in figure 4 the 
mechanism of action of conditionally replicating viruses. These viruses are tailored to replicate 
specifically in tumor cells and not in normal cells. The idea behind the use of replication 
competent viruses is that the virus spreads in the tumor to neighboring cells that were not 
infected in the original hit. In this way, the effect of the treatment is greater. 

McCormick also gives a detailed description of the actions of oncolytic viruses on the 
pRB and p53 pathways in normal cells and in tumor cells (page 135 paragraph bridging left and 
right hand columns and Fig 5 on page 137). A replication competent adenovirus needs to modify 
the pRB pathway in a cell in order to activate adenovirus E2 gene expression and host cell S- 
phase. The activation of the S-phase allows replication of the adenovirus, presumably because it 
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provides host factors needed for DNA synthesis. On the other hand, replication competent 
adenoviruses need to block p53 function to replicate efficiently. 

Fig 5 shows the connection between RB, E2F, ARF, MDM2 and p53. In a normal resting 
cell, E2F is inactive because it is sequestered by RB. Adenovirus El A binds to RB which as a 
result releases E2F. The released E2F then activates adenovirus E2 expression and S-phase. One 
of the targets of E2F is ARF. 

E2F activates ARF which in turn inhibits MDM2. MDM2 targets p53 for destruction. A 
high level of MDM2 thus depletes the cell of p53. Inhibition of MDM2 on the other hand 
activates p53. Active p53 causes abortive replication, apoptosis and cell-cycle arrest. The 
activation of p53 via MDM2 and ARF can thus be seen as a sanity check of normal cells. 
Adenoviruses need to block the action of the p53 protein in order to replicate efficiently. 

Adenoviruses achieve this elimination of p53 by producing the early region protein E1B 
55k. With the help of adenovirus E4 orf6 this protein targets p53 for destruction. Adenoviruses 
that lack ElB-55k such as the ONYX-015 virus cannot destroy p53 and therefore cannot 
replicate in normal cells. 

In tumor cells, p53 itself is defective or the pathway connecting pRB function to p53 
function is broken. As p53 is not functional in these cells, adenoviruses do not need to shut down 
p53 function, because it is not there from the beginning. Thus adenoviruses that can't shut down 
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p53 function are replication deficient in normal cells, which have a functional p53 pathway, and 
are replication competent in tumor cells wherein p53 function is absent. 

The Fueyo virus has an El A protein that cannot bind pRB. In normal cells, it is unable to 
release E2F from RB and thus cannot activate its E2 gene and push a normal cell into S-phase 
(Fueyo et al, page 2, introduction). Tumor cells have a defective pRb pathway, in which pRb is 
either absent or mutant, or constantly in a hyperactive state. Consequently, they regularly 
undergo S-phase during cell cycle and do not need the help of adenovirus El A to enter S-phase. 
The Fueyo virus is thus a conditionally replication competent virus that can replicate in tumor 
cells, but that cannot replicate in normal cells . 

The Hallenbeck virus does in principle the same thing as FueyO. In the Hallenbeck virus, 
El A is under a tumor specific promoter (abstract). The virus does not produce E1A in normal 
cells and thus is not able to push the normal cell into S-phase. On the other hand, El A is 
produced in (hepatocellular carcinoma) tumor cells and in these cells the virus is replication 
competent. 

Both the Fueyo virus and the Hallenbeck virus do not activate the pRB pathway in 
normal cells and thus do not activate p53 dependent apoptosis in these normal cells. In tumour 
cells, the viruses also do not activate p53 dependent apoptosis. This is impossible as p53 is not 
active in these cells, either as a result of p53 mutation or due to a disconnected pRb->p53 
pathway. 
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How then do these viruses kill the tumor cells? Several mechanisms are suggested in the 
art. Adenovirus E4 orf4 is implicated in a p53 independent apoptosis pathway (Branton and 
Roopchand, 2001). A copy of the same is attached hereto as Exhibit B. 

Hassan et al (2004) claim that the conditionally replicating adenoviruses described by 
Fueyo kill tumor cells via a basic apoptotic machinery-independent mechanism that resembles 
necrosis-like programmed cell death (abstract). A copy of Hassan et al. is attached hereto as 
Exhibit C. 

Hong Jiang et al (2007) have investigated the cell death mechanism of the Fueyo virus 
and come to the conclusion that this virus kills tumor cells via adenovirus-mediated cell death 
via autophagy (abstract). A copy of Hong Jiang is attached hereto as Exhibit D. 

It is thus clear that replication competent adenoviruses need to activate S-phase in a 
normal cell in order to replicate. By doing so, the adenoviruses activate p53 which in turn 
inhibits adenovirus replication. Replication competent adenoviruses overcome this p53 mediated 
block by targeting p53 for destruction (through the action of E1B 55K and E4 orf6). 

Conditionally replicating adenoviruses do not activate the pRB->p53 pathway in normal 
cells and thus do not push these cells into S-phase. The conditionally replicating viruses are 
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replication competent in tumor cells that are already in S-phase and do not have an active p53 
apoptosis pathway. 

At The Time of Invention, No Motivation to Combine the Teachings Of Lin With 

Fueyo or Hallenebeck Existed 

At the time of the invention, it would not have made sense or been obvious to the person 
skilled in the art to combine the teaching of Lin et al with the teaching of either Hallenbeck or 
Fueyo. 

As mentioned above, replicating adenoviruses do not kill cells in a p53 dependent 
fashion. p53 is effectively inhibited and degraded by adeno virus-encoded proteins (E1B 55K, 
E1B19K, and E4orf6). Replication competent adenoviruses kill cells by other means. 

Thus, there would not have been any motivation (simply because it would not have made 
sense) to express p53 in a replication competent adenovirus. Moreover, even if one would 
succeed in overcoming p53 inhibition by the adeno virus-encoded proteins, then p53 expression 
would inhibit virus replication and thereby negate the entire concept of a conditionally 
replicating competent adenovirus (see e.g. review by Hermiston and Kuhn, 2002: filed with our 
response of June 22, 2009). Another copy of Hermiston and Kuhn is attached hereto as Exhibit 
E. 
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At the Time of Invention, There Was No Reasonable Expectation of Success Upon 
Combining the Teachings of Fuevo or Hallenbeck with Lin. 

In the section "Tumor suppressors and antioncogenes as therapeutic transgenes" on page 
1026, Hermiston et al state that, while "numerous preclinical studies using replication-defective 
viruses have shown that restoration of tumor suppressor function [. . .] slows tumor growth and/or 
leads to apoptosis or cancer cell death. Not much is to be expected from conditionally 
replicating viruses carrying such genes, most importantly because this "is also likely to attenuate 
viral replication." Furthermore, expression of such genes "may compromise the engineered or 
endogenous tumor selectivity mechanism of the oncolytic virus or the viruses' ability to replicate 
in the target tumor cell. The former would be detrimental to safety, and the latter to efficacy." 

Thus, at the time of the filing of the application, there was no reasonable expectation of 
success of conditionally replicating adenoviruses carrying tumor-suppressor genes or anti- 
oncogenes. The effect of the combination as established in the present invention could not be 
predicted. In fact, the art taught away from the present invention as the combination was thought 
to be ineffective. 

With respect to the interview summary and the comments of the Examiner concerning the 
replication of the virus in Figure 2 of the instant application, it is pointed out that the virus 
expressing p53 in Figure 2 shows accelerated progeny virus release as compared to the GFP 
control virus in all tested cell lines, including SaOs-2. 
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For all cell lines, shortly after infection more viruses released into the culture medium 
were found in the presence of p53 than in the presence of GFP. In SaOs-2 cells, on day 3 the titer 
of the p53 virus is approximately lOx higher than the GFP control. The titer of the p53 virus 
remains higher than the control virus until day 6. The titer of the p53 virus levels off after day 6 
whereas the GFP virus titer continues to increase after that. 

Thus, the final titer achieved after infecting SaOs-2 cells is higher with the GFP virus. 
The SaOs-2 cell line is exceptional only in this aspect. On the other cell lines, the final titer is 
similar or higher with p53 than with GFP. However, in line with the observations on the other 
cell lines, the replication of the p53 virus is faster also on SaOs-2 cells. Figure 2 thus supports 
the notion that a virus according to the invention induces a faster release of virus progeny 
compared to a similar virus lacking a coding sequence for the restoring factor. 

It is now believed that the application is in condition for allowance. If the Examiner 
believes a telephone discussion would be beneficial to resolve any outstanding issue, he is 
invited to contact the undersigned without hesitation. 



Respectfully submitted, 



/lauren t. cmr/ 



HOFFMANN & BARON, LLP 
6900 Jericho Turnpike 
Syosset, New York 11791 
(516) 822-3550 
LTE/aca 



Lauren T. Emr 
Registration No.: 46,139 
Attorney for Applicants 
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CANCER GENE THERAPY: 
FRINGE OR CUTTING EDGE? 

Frank McCormick 

Direct targeting of cancer cells with gene therapy has the potential to treat cancer on the 
basis of Us molecular characteristics. But although laboratory results have bean extremely 
encouraging, many practical obstacles need to be overcome before gene tnerapy can fulfil its 
goals In the clinic, These Issues are not trivial, but seem less formidable than the challenge of 
killing cancers selectively and rationally - a challenge that has been successfully addressed. 
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Gene therapy Offers tremenrJouS promisu for the lulUil! 
of cancer treatment. This technology, more than any 
other, mki* direct udvantago of our now understand Ins 
of cancer at the molecular level and has been exploited 
10 develop now strnteg le5 for killing cells selectively or 
arresting their growth. However, despite the promise of 
sale and rational treatment, many researchers have seri- 
ous doubu as to whether this is a viable uppitmch. Is Chi* 
view accurate? Of does (gene therapy have a future in 
mulniireum clinical oncology? 

The field of cancer gene therapy embraces a range of 
Ideas pncl technologies — 1 from direct attack on tumour 
cells to harnessing the Immune response LO tumour anil- 
gens (PIC l>. Here, we will restrict our discussion to direct 
attack on tumour cells, which requires wn understanding 
Of the Intracellular signalling pathways that have gone 
nwry in tumour colls; the jucccss of Immunotherapy 
depends on understanding the complex Intoractlona 
between tumour cells and the Immune system — a dls* 
dnct intellectual challenge that Is beyond the scope of 
this review. There are three rypes of weapon In this direct 
offensive, and wo will consider each of these In Lum. 

Tumour luppmiori *nd ono o giw 

In the mM t direct application of cancer gone therapy, 
tumour-suppressor genes arc expressed in cancer 
cells In which those genes are defective, resulting In 
cell dcach or growth arrest (table l: pig. 21. This con- 
cept Is based on two usjuumptlonii, neither of which 
Should be taken for granted. The first Is that restora- 
tion Of a single genetic defect will bo effective In 



Inhibiting tumour colls that hnVc many additional 
defects. Perhaps surprisingly, for each Of ihe principal 
known tumour suppressors — APC RB*>\ INK4A 
(HHPS 4.5), PTUN**. A/eF lB and TP53 11,18), — it 
turns out to be true; expression Of each of these genes 
In tumour cells in Wrro causes iin neutt! change in call 




JB Immunotherapy H Tumour suppressor 
B ChnffloprotocUan 0 Olhw 



figure 1 | Cancer gene therapy and Imrnunotherapy trials 
currently liaiad » open by Ih* US lUcornblnarH 
Advisory Committee. Over hatf of al g*ne-inarapy-0ased 
protocols in the United States (1 1 2 currently open] are aimed 
al boosting, the Immune response io tumour antigens. Trials In 
melanomd atone account tor 54% or immunotherapy trials- 
Delivery or the njmour-suppressoi pens TP53 accounts for the 
notf largest group, lollowud 0y suicide $ene delivery, in which 
viral vectors deliver enzymes thai activate prodrugs to toxic 
products thnt kill tumour calls and iheir neighbours, Most er 
these use herpes simple* virus thymidine klnetw (WSV-U0, 
which BdMjies che prodrug ganciclovir. ChBrnoprotectton Is an 
Inolruci appronch m which bono marrow ca«s are Infected with 
viruses thai protect ihem Irom the ionic affocis oi 
chemotherapy by expressing drug -re si stance genes 
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Table 1 | Eff«et» ai expressing t 
Gene product function 

Slocks eel cycle 



INK4A 



INK4A-KIP1 
fusion 



pi 30 
ARF 
p53 



PTEN 



b^inhlbillng ' 

Blocks cell cycle 
by Inhibiting COM 
and CDK2 

BIOCKs c« cycle 
by repressing EzF 

Stocks cell cycle 
by repressing 

Protects pS3 by 
Inhibiting MDMZ 
Pi-omoiascon-cyciQ 
arrest and 



lln evil 

Growth arrest 
(some evidence or 
resistance) 
ApO ptosis 

Growth anest 
Growth arrest 
Growth arrest 



«ns lh tl**u» OUllure *nd In motis* modal* 



TiiBRApeunc WINDOW 

Tht> rnnc*mii\lh»H runup a**' 
which ■ drug has * ifterapBUitc 
erfeCi wILhoMl having un«crpL- 
nliJn u*icuy. 

hctkOvfa m. viCTQra 

Gcne-ll)Bripr VT ^ 0 ' 

rram a retrovirus. The jag- j*»f 

nrttl irnv hci^. nia»«> tor 

rapilraLlOil of Uw vVm, ut 

rcpttCPd wilh » ihmpujllc gene, 

prmtinllhH vl ™l ropDcmion. 

ADENOVIRAL VECTOR 

|fom an •dwiovlnj*. Cena 
nraiawy for rtpUcBllon the 
vim* cui bP dnlBiDiJ lo m*t« 
replleadon-derreUve v«tO"- 

aNTISHNSU OLICONUCLliOTIDli 
An DUgonudccMlde lh« 1* com- 
plnmnnLwy 10 « porllim ol nn 
r«RNA. Il binds to tlw nxIINA 
and *r r»n tmrtfloiion by phys- 
ical blodwito or ribo*or™l 
machinery Bfld/or by pcDviilon 
QfendO20nDuiRN«ia. 



Degrades 
3-phoSphorylatDd 
phosphoinosltldes, 
which activate 
growth and survival 
pathways 
Targets p-caienin 
for degradation 
Genome integrity 



Growth arrest; 
Increased radio sensitivity 

Growth arrest: 
apoptosis; locreasdd 
radiasansltivity 



Apoprosls 

Gro wth arrest or apopiosts 



RNA n«stacul« *lth catalytic 
unlwUy Thtiy b>unR(- 
nroeta 10 cM« spec in* 
mRNM, ibrnby DlDcklhft a*™ 



APC 

BR CA1 

arc, ndnnomoteur- poiyposK coll: RB, retlno Wnaioma , 

nhv^iology and gene axpreAslon, resulting In cell- 
cycle arrest or death (TABLE 1) - In addition to validat- 
ing the concept or this form of gene therapy, these 
experiment* clearly Illustrate the selective advantage 
of losing tumour-suppressor gane expression in 
Lumour development. 

For genes chat primarily affect genome i™Gjj2r\ 
such uh BRCAJ and BRCAZ this assumption Is less like- 
ly to be valid. These genes have their selective ollecu 
during Initiation or d» disease, and would be expected 
to have Utile IT any, effect «l Inter a Lag 0 *- BuC surprisingly, 
retroviral expression of BRCA J causes growth arrest or 
apopLosH in brVUSi ennwr and ovyrlun cancer ™>* 
though Lh=se cells already express the wUd-cype flKCA i 
none 13 The mechanism or these effects Is not under- 
stood, and. unfortunately, has not borne fruit In the 
clinic: Phase 1 and II clinical trials of a BJ?C>W -express- 
ing vector in women with ovarian cancer yielded no 
clinical responses, although this might have been 
because the vector was not "ably oppressed 1 . 

Some wmour-supprcssor genes afreet genome Sta- 
bility M well as cancor-cell survival and growth, Uss of 
TP53 increases the rates of spontaneous cancers 
tremendously w . Likewise, APC. which is mutated in 
most colorectal i*uC0r>. might be involved In maintain- 
ing genome stability"-". Does this have *ny bearing on 
Lhulr oMxu when impressed In tu mour colls? Expression 
of either TP53 or APC in tumour cells causes rapid 
growth arrnt or upoptosls. Their potentially therapeutic 
value seems to depend on these acute effects rather Chan 
on their status as guardians of genome integrity, 

A second uwumptlon abowL the mechanism or 
direct attack by tumour suppressors is thai collateral 
delivery of those genes to normal tissue will have httle 



Tumour suppression 

Regression 

Tumour suppression 

Regression 

Not done 

"ftjmouf suppression: 
reduced metastasis 

Tumour suppression or no effecL 
NOt done 

Tumour suppression 



Reference* 

4,5,91 

92 



2,3,93 
94 
10 
65-93 

6-9 
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effect because these gene* arc expressed in normal cc Is 
anyway and are appropriately rea^K>u m those ceUs. 
This issue has not been addressed rigorously in modal 
systems. One reason For this Is that it Is difficult to pre- 
dict which normal tissue would be exposed to the 
transgene. The normal counterpart of the tumour 
itself would seem a logical choice for experimental 
investigation, but the toxic effects orthe gene are more 
likely co be seen in cells thai are exposed lo the highest 
levels of the vector, such as the livor or vascular 
endothelial cells. Nevertheless, delivery of 7755 to nor* 
mal bronchial epithelial cells showed no effects on cell 
growth, with 9 2-3 lo g tH hr apguTIC window relative io 
tumour cells" 1 . 

These results go some way towards validating the 
nodon that dDllvery or a tumour-juppressorgene could 
have therapeutic value, but the effects were expected to be 
coll autonomous , with little hope of any effect on sur- 
rounding, uninfected tumour wills. Thia meant that every 
cell In a tumourwould need to be infected — an enor- 
mous technical hurdle, particularly tor disseminated can- 
cert- But surprisingly, such an effect (defined as a 
'bystander effect) might well account lor someof fe«R|. 
cacy of an adenovirus that expresses JPS3 in solid 
tumours One interesting explanadon is that p53 Is anu- 
anglogenic: it downregulates expression of vaicular 
endothelial growth factor (VliCn^^andupregulates 
expression of thiombospondlri — a potent inhibitor or 
angiOgenesiS 22 . Forced expression of 77tf3couJd therefore 
lead to toxic olTeCis on uninfected neighbours by starving 
them of oxygen and nutrients. P 53 regulates other gene 
products that are capable of a bystander effect- One of 
these is insulin-like growth factor I binding protein 
(IGP1 BP)», Which neutralizes the anti-apoplOtlc effects 
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Normal cell: no effect 



Growth a"esl 




No bystnndef eltect 

c * uvay Induct, turn gro"U, arro.t or npoploals, whereas In ^SJ 
not to have any detrimental eHoas. Soma turnour suppressors migni a 5 ° e « arc u "«^P e "°° 
^»ndw offocls For sample. p53 blocks englogenosis by downregiiallnQ we production 

molecules, ihmmbospondln and insuln-lke growth raaeM bind Ing P'°^«^ ™ £ ' 
Mr" agents th « Block oncogene (One) expression. These w£ «- " «^ 
endsense oligonucleotides, -Nch block oncogene 

mrnnn „ rranscriots Aoain. they are expected 10 have no oetrlmantal enacts on normal 

SSsssBsasssss 

^.TSdieKopy or chemotherapy. No by-iand* arfects have been reported for end 
oncogenic gunu-murupy agents, 



of IGF- 1 and could kill uninfected tumour colls chat 
depend on IGF-1 for survival. Yet another potential 
means of Invoking u bystander effect Is local Innamma- 
don triggered by proteins In the viral vector. These might 
udmulato producdon of cy lokinos, such a* tumour nw.ru- 
sis factor, which might be able TO kill uninfecced tumour 
cells sel ocLlvely* . These interpretations are hypothedcal, 
but they Ulustram the tremendous biological comploxiLy 
encountered in Wvp and show that gone-therapy agents 
can have proi'ound biologicul effect*. thul cannot be 
explained on the basis of their expected direct mechanism 
of action nlcno. 

How does [his approach rare in the cllnicr 1 ne 
first Clinical effects of delivering a tumour- suppressor 
geno — TP53 — were published in 19BB (MP 1 1): 
retroviral vectors that express TP5$ from the accln 
promoter were Injected dlrecdy Into nan snwll-vdl 
lung tumours. Clear signs of apoptosts were detected 
In injected tumours, end three out of nine patterns 
showed regression of these Lumours, as well as evi- 
dence of a bystander effect. More recent trials have 
used adenoviral VECTORS co deliver TP53 (Adp53), 4* 
these art easier to grow to high litres, and Infect cells 
regardless of whether they uro In ihe coll cycle. AdpS3 
is well tolerated and expressed in most patients. 
Furthermore. antUumour activity hcis been observed 
in a subset of patients who were treated for «on- 
small-cell lung cancer* 5 or squamous cull carcinoma 
of the h*ud unci riuck 3 *. AdpS3 la now being tested In ■ 
Phase II and III clinical trial, as well as In comblnadon 
with chiimotheraptiutlc Agents" or radiation. 

If reactivating tumour suppressors is effective, 
what about blocking hyperactive oncogenes? Viral 
vectors have been used to deliver aNTHBKWOtWO- 
nucleotides or RIBOCTMDS CO block oncogene expression- 
The effectiveness of these hpproache* depends on 
Similar assumptions to those of tumour-suppressor 
gune therapy, und when tested Lhuso assumptions have 
been fulfilled LIABLE ly. tumour calls with many genet- 
ic defects still depend on oncogene expression for 
growth or survival. For example, tumours that are dri- 
ven by oncogenic H&AS art completely destroyed 
When HRAS is eliminated, using olthef genetic or 
pharmacologic-*! approaches 2 "", and chronic myel- 
ogenic Wukuemlaa undergo dramatic remissions 
When die oncoprotein p210 BCR-ABL Is blocked by 
lh C ABL inhibitor STI-571 (Gteovt-c). despite the 
presence of several genetic alterations In these ceUs _ 
Furthermore, rlbozymes that target mutant RAS 
selectively should have no effect on normal cell*. 
However, the viability of this approach might be hin^ 
dered by lack or a bySUndcr effect when tumour cells 
are treated In this way. and by the increasing number 
Of alternative approaches to oncogene- directed thera- 
py Recent successes wilh small molecule*, particularly 
Inhibitors of kinases in the RAS pathway 31 . P 2lO 
BCR-ABl* and thu epidermal growth factor receptor 
(EGFfc)". indicate that more attention Will be paid to 
this technology plutform for oncogene- based therapy. 
By contrast. It is more difficult to develop small mole- 
cules that reactivate mutated tumour suppressors. 
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Table 2 | Effect* of blacking oncocjant* in tisMia < 



Conn product 

ERBBZ 
ERBB4 
KRAS 

hRAS 

HPV E6/E7 
BCL2 

Telamorase 

C-MET 

c-MYC 



Function of oncogene 

Receptor tyrosine kinase 
□cilveted by EGF 
Receptor tyrosine kinase 
activated by neuragullns 
small GTP-binolng protein; 
activates growih end 
fturvlval pothweys 
Smelt GTP-blndlng protein; 
activates growth and 
survival pathways 
E7 inhibits RB; E5 targets 
p53for destruction 
Inhibits mitochondrial 
apoptosis pathway 
Maintains telomere length 
;o promote cellular Immonalliy 
Rocoptar tyrosine kinase 
actWatBd by scatter factor 

Transcription Focior 
downslru&m of grOWth- 
factor signalling pathways 



Strategy 

Ribozyme 

Ribozyme 

Antl4onse; 
ribozyme 

Ribozyme 



Antisense; 
rlbozymcs 
Ribozyme 

RlbDzymo 

Rluozyrna 

Ribozyme 



€wpra«tion In call linos 

Blocks cell proliferation 


Expression In mOUS* mouere 

Inhibition of tumour growth 


99-101 


Growth tnhlbfrJon 


inhibition of tumour growth 


102 


Growth inhibition 


Tumour ragroaalont flpoptosls: 
chemosBnsKlzatlon 


103-106 


Growth Inhibition 


Tumour regression 


107 


Not done 


No eriect 


10B 


Reduces BCL2 
expression 

ChomaaonsltlaaUor 


Not done 
Not dona 


109 

no 


Reduced migration: 
invasion 

InMbte proliferation 


Not done 
Not done 


111 

112 



ractor sm wwMy^^j-' , ■ — — -tt 



CaplOltlng by*t»nd»r •fT*oU 

The second broad approach to direct targeting of can- 
cer colls wiih B «™ therapy is the delivery of suicide 
eenes to cancer cells (FlG. 3). Those ara eiizyme-encod- 
infi RencS that, once expressed, allow die cancer cell to 
metabolise a harmless prodrug administered sop*- 
rately into a potent cytotoxin that can difluae into 
ntlfthbounna cell*, no cro»un B « bystander efTocl- 
Several enzyme-prodrug combinations are being eval- 
uated (table 3), buthcrpes slmpLexvh-us thymidine 
kinase (HSV-Lk) haa been most wldoly used and has 
progressed farthest Into the clinic: many Phase lAI tri- 
als or chls approach art) ongoing In the Un Jcnc I States, 
and one Phase III trial has been completed, rib v-t* 
oom/gi'u ganciclovir to Lhe phoaphorylt-ted form that 
becomes incorporated Into DNA. thereby blocking 
DNA synches!^ 3 , 



Selective expression of suicide genes could be 
achieved Ln several ways, Local Injection of non- 
gelective agents Is an obvious solution. Early Studies 
used retroviral veelDrs lo deliver suicide geneB to 
glioblastoma multiforme - a lethal form or brain 
tumour; these viruses are produced locally from 
Injected producer lELLS, Retroviruses integrate only 
Into dlvldlnfl cells, so tumour cells growing in the 
brain GKpresa the transfix* selectively. Local inftialon 
or Injection or nonspecific vectors (such as adenovi- 
ral vectors) dlrecLly Into uimoum aho afTordi a 
degree of selectivity* 

Hov/ovc-r, b more general stmtegy to kill wmouf 
cells with suicide genes oxplolcs cumour-apecllic 
expression elements. Many of these have been tested in 
cell systems and In animal models. Hnd a fairly com- 
prehensive repertoire of selective expression elements 



Tumour cell 



Viral 

sector 



i"mopuciiHt;ni-U'i 

Ci*ls used to product? rflpllcn- 
iton-dofbcLlv* vlrnl vector*, ihcy 
hp* iraruhctari *W» >lu Run" 
lh*i are mlwk»6 lYQrn ^ v * eu>r 
Ibeir. nnd w provide ihe prod- 
ucwnrmcM boh" 




coll. and dlfluslon to neighbouring cells confers a potent bystander bIRjCC. 
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Table 3 | Enzyme-prodrug 
enzyme Prodrug 



HSV-tk 
Cytoaino 

Nitroreductase- 

Carboxylesieraso 

Cytochrome- P450 

Purine nucleoside 
phoaphoryin3Q 



Ganciclovir 
STluorocytoslna 

MirobonzyloKycorbonyl 
anthracycllnes 

cpT-ii 

Cyclophosphamide 
6-Mercaptopurlne-DR 



PrudUCt 

Ganclcotvlr triphosphate 

5- Fluorourodl (^NJ) 

AnihrBcycllnos 
5N3B 

Phosphoremlda mustard 

6- Mereaptopurine 



Blocks DNA synthesis 

Pyrlmldlno on«gonlHt! blocks DNA and RNA 

synthesis 

DNA crossllnklng 

Topolsomerase Inhibitor 

ona omyioUng ogont; blocks dna synthosis 

Purine antagonist; blocks DNA synthesis 



33 

115 

116 
117 

na 



□sing CD b nl»o uftdofwny 



t a r junction 
A JuAcuon bfllv^**^ iwo will 
Lhwl allows Lhe p«96*fic of mal- 
rruln* (up la D kDn), 



1.1 now available, TAHKU* iummnrlws those elements 
and Che principles that underlie their selectivity. 

Bystander effects can also be achieved In other ways. 
Several strategies to suppress anglogenosls have boon 
tested In animal models, For example, adenoviral 
expression or a soluble form of VEGF receptor was 
recently shown to Suppress tumour growth in mouse 
moduli. AnalosLutlnftndondnMiH.LnoxproKicdfrom 
plasmld DNA complcxed with liposomes inhibited 
growth or breast cancer In mice 3 '. An adenovirus 
expressing secretable endostiitln showed activity in Vitro 
and in mouse models 31 , and 8 combination of viruses 
expressing three tmil-anglogenlC proteins ted to com- 
plete tumour rejection in mouse models". Another 
wpproach Is to inhibit moLrlx mecalloprocelnascs: the 
metalloproieinasc inhibitor TlMP-2 expressed In an 
adenoviral vector caused significant reduction in 
metastatic cell growth* 11 . These examples reflect the 
application of many years of discovery research In 
tumour biology to address clinical issues, and Illustrate 
the transtetional opportunities that mis field presents. 

Clinical studies with suicide gene therapy hove 
shown mat these a gents arc safe, but are not suElfclant- 
|y active. A Phase in clinical trial of rotrovlrus-encoded 
HSV-tk showed no patient benefit^ Local injection 
Into brain tumours of adenoviral vectors thai express 
HSV-tk looks slightly more promising, with some 
early signs of survival benefit in a small number of 
patterns 4 '. N&verthcloss. there Ls an obvious need to 
improve Bt'flcacy. Efforts are underway 10 develop this 
concept farther, using different vectors and suicide 
genes chat might produce stronger bystander effaces, 
combinations of suicide genes that act syrrergistically" 
and by prtarmncologlcal manipulation. For example, 
GfPjuMcnoNS can be upregulatod by lovasiatin and 
other compounds* 3 , increasing the magnitude of the 
bystander effect- Another problem is chat many tlssue- 
speclnc promoters are comparatively weak. Sakal and 
co-workert" have developed an Innovative approach 
to solve this problem, by using a weak, but specific, 
promoter to drive expression oF Cro reComblnDse. unci 
a Strong C re- responsive promoter co drive expression 
of the therapeutic transgenc. 



These creative solutions will certainty Improve the 
potency of suicide gene therapy, but will they be suflldenL? 
Poor distribution of vectors within solid tumours and low 
InfectlvHy of tumour cells might bo thu main barriers to 
success in this area- The next generation of protocols and 
vectors will neud to Indudo many innovations to Improve 
selectivity and gene expression, but will also need to 
address these issues to realize their full clinical potential. 

R«pllcatkm-C*mpet»nt vlruro 

Exploitation of bystander ofl'uCU represent one solu lion 
LO the technical hurdle of infecting all the cells In a 
tumour. A lecond approach uses the ability of viruses to 
spread from their site of inoculation and Infect neigh- 
bouring cells. In this approach, cells are killed as a conse- 
quence of virus infection, as they become factories Tor 
producing now infectious virus particles (fig. 4) . The suc- 
cess of this appronch depends on our ability to engineer 
or select viruses that replicate specifically In tumour cells, 
and the ubUlty of these viruses to infect tumour cells eflV 
dandy and to spread through lhe tumour. 

The possibility of using viruses lo KM cancer cells 
selectively was proposed and tested in 1956 (REH15), based 
on the observation that certain viruses grOW efficiently in 
cancer cells* and on unccdocol reports of sponlnneOUS 
tumour regressions in patients who harbour viral infec- 
tions Attempts 10 treat ccrvkul cancer by injecting an 
adenovirus date back to 1956 (REP. 45), and the mumps 
virus was used to treat cancer in 1974 (REP, <5) , However, 
kick of molecular characterization, of ollhcr the viruses or 
the tumours, prevented logical development of this 
approach. More recently, several viruses have been cronl- 
ed that replicate selectively in cancer cells 45 . Indeed, this 
marriage of molecular virology and cancer biology pro- 
vides a tremendous range of opportunities for creative 
englneeringof selective agents. In retrospect, the field of 
[umour-vlruS biology sought to use viral oncoproteins to 
understand the molecular basis of cancer. Landmark dis- 
coveries in human cancer genetics, such itf the functions 
of RB and p53, revealed the significance of the classical 
cumour-vlrus proteins — EI A and 5V40 large T-nncigcn 
— in viral replication. Ironically, tumour viruses them- 
selves are now at the forefront of cancer therapy. 
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Table 4 | Regulated gene expression In tumour cells 
Regulatory element 

Retrovirus LTR 

Androgen receptor promoter 
Midkine promoter 
VEGF promoter 
GRP promoter 
Kelllkraln 2 
Osteocalcin 
TCF-4 
MUC1 
TSRT 

Thyroglobultn 
MYC-MAX motif 
Surfactant protein B 
a-Fotoprwoln 
CEA promoter 
Tyrosinase pronator 
Fibrillary addle protein 

E-scloctln promotor 
EGR-1 promoter 
PSA prcunoior 
GFAP promoter 
E2P1 

Myelin basic promoter 
von WDlObfand factor promotor 
CT-Lactalbumin 



Only expresses In dividing cells 


34 


Prostate specific 


123 


Various tumours 


124 


Hypoxia specific 


125 


SCLC specie 


126 


Pfoatato specific 


127.1 2B 




129 


Colorectal cencor [end others) 


130 


Breest-cancer selective 


70,131 


Tumour sOlectlvra 


132 


Thyroid carcinoma 


133 


SCLC spodric 


134 


Alveolar, bronchial cancers 


65 


HopDlOCoKulBr carcinoma 


U 


Gastra intestinal cancer 


135.136 


Melanoma spoclflc 


137 


Glial-cell specinc 


13B 


EndothollBl-coll specific 


139 


Gllel-ceH selective 


no 


pfostata specific 


141 


Astrocyte specific 


14* 


Tumour sQlectlve 


143 


MeHgnanl glioma 


144 


Endothelial calls 


145 


Breast cancer 


146 



tfa cnrdnonmbrvonlc nnLlocn; ECR-1 , uBHy yowch -responsive 1 ; GFAP, giiol nerlilary odd 
S^?GR^sXK«^PtWe: LTR, Umfv*nkM rope*: MUCl , mucin 1 ; Mft. prMUlo- 
S B^K^EeWiB Tea. fact* «; T6RT. human teW** 

reverse irnoscriptoso, VEGF, vascular ondolbeifll growth foeior, 

Targeting dividing cells with herpesviruses. The first 
engineered chcrapeurlc virus to enlur clinical testing was 
a defective herpesvirus mutant, C207, that lacks the 
gene encoding ribonucleotide reductase 41 and can 
therefore replicate efficiently only in dividing cells. 
G207 also lacks the virulence gene ICYM.5, to improve 
safety. This virus was Initially crated In mouse models by 
direct injection Into tumours in the brain. On the basis 
or encouraging data from those preclinical experiments, 
G207 advanced to a Phase I clinical trial for malignant 
gUnl-cell tumours. G207 administered dlrecdy Into these 
tumours was safe and well-tolerated, and early signs of 
clinical effects hHvo been reported* 7 . In parallel, another 
lCP34.Sm\AWm- HSV-1716. has undergone successful 
preclinical testing for meiasLMir melanoma" and has 
i^cenUy been Injected directly into subcutaneous lesions 
of metastatic melanoma 40 and into recurrem malignant 
glioma in Phase 1 clinical trials. So far. these agents 
seem to be safe and well tolerated- 

Targednga defective pS3 pathway. An attenuated aden- 
ovirus — mutant dll520 (REF.si) or ONYX-015 — 
relies on ft coincidental biological property of aden- 
oviruses and tumour cells: both need to block p53 
Function co ropllcece efficiently (FIG. i) " - Adenoviruses 



&ARL.Y WSGION PROTfilN 
Viral prowilns exprcsstO beftire 
Uif DniPl oT^iMlDNA 
synthesis, irfually Involved m 
driving ihc I nf ec Led cell Into Ihc 
S-pW- orihfl cull uy*|p. 

ED URIQUrrJN LIGASE 
Thr ihlrcl flruymp ll> h mim — 
ill* nral ivkq tin doilgnilacl El 
□nd E2 — ihaL are iwpanxlble 
for whlquliyljil Ian or liv'H* 1 
proteins. E3 enzyniial provide 
performs Tor binding £2 
tnVyniM nnrl ■pKinc mibMrnliw, 
Lhcrwby eoDrdinBtlnfl 
ublqulryldrton or Lhe 



eliminate p53 by producing che early jujcion phcttoin Elfi 
55K, This protein binds p53 and. with help from 
another viral protein. E4 orfG, targets It for destruction. 
ONYX-015 lacks ElB 55K and therefore cannot 
destroy p53. In normal cells, p53 blocks replication, but 
In cancer cells that lack p53. ONYX-015 can replicate 
— at least In theory. 

The specificity of ONYX-015 for p53-defieiani ceils 
remains controversial^. Confusion has arisen for two 
reasons: flrsL, ONYX-015 can replicate In soma 
tumour cells chat retain wild-type p53. apparently 
contradicting the premise of Its specificity"-*'. 
However, most tumour cells that retain wild-type p53 
have Other defects In the p53 pathway (FIC 5). 
Assessment or the functional status of p53 basod solely 
on the presence or absence of mutant p53 is therefore 
misleading- In normal culls, MUMZ. an itt umournN uc- 
A SS that targets p53 for destruction, keeps the levels of 
p 53 low. Loss of AKF. a protein that Inhibits MDMZ. Is 
a common mechanism of Suppressing p*3. In tumour 
cells that lack ARF. p53 is not activated during ONYX- 
015 infection, and therefore cannot block replication. 
Expression of ARF in such cells Induces high levels of 
P 53 Chut inhibits replication or ONYX-01 5. but not 
wild-type adenovirus replication 511 . 

The second source or confusion derives from the 
Tact that ElB 55K has other functions that are distinct 
from blocking p53. These functions affect selective 
export and translation of viral mRNAs during Infoedon 
[reviewed in REF. 50), Some tumour cells (such as C33a 
cufvlcul cnrclnomu M ) complement these other func- 
tions of ElB 55K perfectly, and Others (such as U20S 
osteosarcoma") do not. Among tumours With a defec- 
tive p53 pathway, then, variations in ONYX-015 repli- 
cation are determined by the degree to which these 
other functions of E LB S5K are complemented* 1 . 

While these issues regarding the selectivity of 
ONYX-015 were being investigated, clinical develop- 
ment Of ONYX-01 S proceeded. Treatment of patients 
With head and neck cancer — who had failed surgery, 
radiation and chemotherapy — with ONYX-015 
alone revealed that this agent Is sale and well tolerat- 
ed, but clmieal responses were modes [ WJ . Responses 
might have been limited by several factors, but poor 
distribution of injected virus Seems likely to be the 
most significant limitation. T\imours of this type, 
particularly those from patients treated by radiation, 
contain high proportions of Stromal and ribrollc CIS- 
sue Chat are likely to limit efficient spread of virus 
through che tumour. 

Higher response rates were seen in patients with 
recurrent head and neck cancer treated with ONYX- 
015 In combination with 5-fluorouracH and clsplaUn 11 . 
and a Phase Til trial is now in progress. In these trials, 
evidence has accumulated chat it bystander effect con- 
tributes to the clinical outcome. Anocdotalh/, tumours 
injected with ONYX-0 15 show w Idespread necrosis In 
a timeframe that cannot be accounted for by viral 
replication clone. Virus replication triggers an acute 
and local IrUlammatory reaction chut Involves produc- 
tion of iwmour necrosis factor-a and Other cytokines. 



"NATtlW^EVTC Cv s"| CANCAN 



VOLUME 1 I NOVEMBER ZOOl | 1 J< 



£) 2001 Macro UUm Magazines Ltd 



02/08 2010 17:18 FAX +31334227319 



VEREENIGDE-Amersfoort 



0014/044 



REVIEWS 



Normal cd: 
atwrtlva replication 




FlgurB , | conditionally repllcBtlngwIruw^* I N^chS^ 

infect lis nclflrvaours, , 1 



These agents might kill nearby tumOur cells With some 
selectivity, augmented by the presence of chemothcra- 
peutic agents. Ironically, this bystander effort might be 
more effective In tumours that retain wild-type P&3- 
Thc overall cllnleal outcome or Chi* treatment there- 
fore depends on complicated interactions between the 
host immune system. the tumour cell and Its neigh- 
bours, and the replicating virus. 

Targeting the RB pathway. Adenovirus E1A proteins 
bind »nd neutralize RB and its relatives. This releases 
iho truaicripUon lacier E21 which b repressed by RB, 
with consequences for both the virus and Its host. 1 he 
ctillulnr funcLlon of E2F Is to drive the expression of 
genes Involved In S-phasa and chromatin synthesis, 
but adenovirus has also hijacked E2F to activate 
expression oi 1 [he E2 region of the vlrol genome. A 
virus expressing a mutant form of El A that falls to 
bind ftB should therefore be restricted to cells that 
lack functional RB. Most. If not ill. tumour cells are 
dofectlvo in the RB pathway and, as a result, should be 



permissive to El A-defecdve viruses. Such viruses hove 
oven described 02 -* and tested in preclinical models. 
The potency of one of these vlruJe* can be Increased 
further by engineering it to overcxpreas the aden- 
ovirus death protein ( ADP) : this increases cell lysis 
and virus release, making the virus more active In MO 
Chan the El A mutant alone 86 . El A has many addition- 
al functions: It hinds to p300 and It activates the E4 
region of Che viral genome", Vjruaes that exploit these 
features are under development 1 " (Ljohnson, R M. 
and A. Faraey. unpublished observadons) . 

Tiwue or cumour-sptclflc regulation tit viral rrptkackm. 
Viruses that replicate In cancer cells or tissues selectively 
based on differential regulation of viral gene expression 
have also been engineered and tested in the clinic, For 
example. Colydon CN70B CRllMT} is on adenovirus in 
which the proswe-spctlflc antigen (PSA) promoter dri- 
ves El A. In CN7B7, the rat probasln promoter (another 
prcflmte-speeinc regulatory element) drives ElA and the 
PSA^rtgulatory element drlvoS ElB fREP. BB). These 
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Figure 5 I Alterations In the pM pathway in adenovlrus-lrrTected c f'*^™* a - 

■ | M«Mw ETA binds the tumour suppressor RB. 'hereby l^>ndng K torn nj« s Sing 
eJf. E2F l S chen free to activate host lorget genes thai «re Involve* I In b-phnee of dro i»H 
cycle and ihe adeno^y* E2 region. One v\ the host genes that E2F activates >5 ^ an 
Inhibit ol U*, oncopcololn MDM2, MDMZ Is an E3 ublqUtln llgaSo that tergal «™" r 
suppressor P53 Tor destruction. Adenovirus EtB 55K and E< Q&FG cooperate to 6 gee P 63 
Sui because In the presanco ol P 53 vlr*. replied cannot W-*J^ m ™*; 
;hore ara severe, mechanisms by which die RB end p53 pathways can bo .nac vntod, Is 
muiated In approximately 25% oP tumours, but can also be lunctlonally Inactivated by over- 

D-SS^ns. which p^osphoryiaia and Insets W. This «n 0«ur by Ib«oI*o CDK 
2ma, incased expression oFcvOin Dl or «^^^ 4 Ji^^| n ^ 
human papillomavirus IHPV) E7 prololn. nlrnllar Lo od^ovlrus E1A, con bind ifl -and Inhibit 
RB. p5 Mr is mutaled or delaled In around 50% of u*™» : and can ba la^d to 
dastrucUon by HPV *6 protein, li can also ba functionally Inact-vated by ampuncadon or 
MDMZ, or Innovation ol ARF by hypenfieihylnUPh. mulnUon or dclcuon, _ 



promoters lor gene therapy (Novai'lla US patent 
5.998.ZQ5, Hallcnbeck, Chang and Chiang 71 ) . 

Second-generation repllaitlne, viruses might com- 
bine ihesc two strategies- For example, a virus similar to 
ONYX-015 thnt expresses HSV-tk seems to bo more 
potem than either approach on Its own"-™. Likewise, a 
repUcBtlon-compBtcm herpesvirus vector expressing 
HSV-tk In combination with u cytochrome P450 
enzyme that converts the prodrug cydophosplKtmlde to 
Its active phosphoramlde derMllvo showed potent and- 
tumour activicy in mouse models". 

Many viruses hevo e ne^urBl iropifim for wmour 
cells, Tor ore reason or another. RN A virus OS such as 
Newcastle disease virus and vesicular stomatitis virus 
replicate In tumour cells boctiuse those cells IW1 to 
mount a protective Interferon response. Parvoviruses 
such n* odenovlrus-aaBoclntod virus (AAV) . replicate 
selectively in tumour cells because in normal calls, sln- 
gle-strontfed AAV genamBs trigger a p53-depondem 
DNA-damage response that blocks colls in G2 and pre- 
vents replication 75 — and for other reasons that are not 
fully understood. Another type of parvovirus, Ml . hna 
entered clinical testing based on Its tumour selectivity. 
The merits or Lhroo upproachos. and the SWtus of dirtCBl 
testing, have been discussed elsewhere*. 
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viruses do nOC dlscrlmlnaui between normal and can- 
cerous' prostate because both PSA and probasln are pro- 
duced by normal prostate tissue, but In this clinical set- 
ting this Is not thought CO be a significant issue. Both 
viruses arc currently undergoing clinical investigation. 

IggO and cO-wo^kB^s il,l have made a virus that depends 
on abnormal signalling from the p-carBnavTCF-4 path- 
way to replicate selectively In colon cancer cellfl. Virtually 
all colorectal cancer cells, and many omer types of can- 
cers, hnvn adofocl in chls pathway. Loss Of the tumour 
suppressor APC In up to 80% ofcolorecLal cancers allows 
accumulation of high levelsof (J-cacenin. because one 
function of APC Is lo target p-catonln for destruction, In 
other tumours, mutations occur in p^-catenin toeli that 
make It resistant to degnidntlori. High levels of pVcntenm 
bind to the transcription factor TCF-4 . and binding dc- 
represso^ TCF- responsive gvnes, such as cyclin Dl. 
C-MYC and rnauHyiln. A virus containing a TCF -respon- 
sive clement therefore grows selectively In cells in which 
chls pathway Is deregulated. Using n Similar sLrnlegy. The 
mijci promoter has been used to drive El A, so supporting 
vlru-s repllcucjon selectively in brewl cancer cells in which 
MUCl isaberrandyexp™^". 

In many woys. this Innovative technology b an exten- 
sion of SUlclde gene therapy, and again Illustrates that 
cancer gene therapy provides a field day for molecular 
biologists who are Imeresoid In applying basic principles 
of cancer biology to clinical problems- Unfortunately, 
commercial and clinical development of the viruses and 
vectors using tissue-specific promoters might be compb- 
caiod by a dominating patent on the use of tissue-spec I ric 



Clinical data from gene-therapy agents and replicalf on- 
competent viruses administered locally IndlCHto that 
some of these approaches Will have clinical value, and 
indeed a significant number of patients could benefit 
from local or regional treatment- These include patients 
suffering from head and neck cancer, glioblastoma, 
ovarian cancer and metastatic colorectal cancer, which 
usually localizes to the liver. Two main challenges need 
co bv overcome to convert cancer gone therapy Into a 
Strategy that Is effective against disseminated metastatic 
ductule. First, iho vector or virus needs to roach the 
tumour efficiently- Second, it needs to avoid neutraliza- 
tion by the immune system. In contrast to more tradi- 
tional approaches to cancer therapy, baaed on small- 
molecule inhibitors or enzyme targets, the success of 
this field lies in the hands of creative molecular biolo- 
gists, rather than medicinal chemists and pharmacolo- 
gic. These challenges might not have captured the 
Imagination of basic scientists, but (hey are of para- 
mount Importance to successful evolution of the field 
and, again, present opponuniLies for scaie-of-tha-art 
transla Clonal research. 

Blodistrtbiition- The magnitude or these problems Is dif- 
ficult to estimate accurately, but It Is already clear thai sev- 
eral Issues need to be addressed. Agents that are adminis- 
tered systemicairy can interact with many cell types in the 
blood and with endothelial colls, and are cleared rapidly 
from the bloodstream by the liver 77 . If they survive these 
obstacles, they must look Tram blood vessels Into 
tumours, and spread within the heterogeneous mass of 
the tumour, These Issues sound formidable, but. of 
course, they have been faced maAy times before, as «H 
forms of systemic cancer therapies face similar problems. 
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antibody 

An antibody. uiKmUy from a 
rodtni, engineered 10 contain 
iniilnlyhurrfrn HK|unnr«Vi ThU 
p roc aw rrtiLicti '.he Immune 
fttftnonae la ihe antibody In 



A principal distinction Is that for these biological agents, 
biologists might have ihe amwers. For example, the aden- 
ovirus receptor, CAR™ Is an adhesion protein'" that U 
expressed at high levels in liver, kidney, brain, heart, pan- 
creas, endothelium, colon find prostate, but not In 
peripheral lymphocytes, spleen, skeletal muscle and 
i'lb robin nt/ 0 . Some advanced cancer cell lines lose CAR 
expression 81 ^. ITrJlslnlormadon helps deiermlne which 
normal colli are likely to be Infected during systemic 
administration, and which rumour cells are susceptible. 
Tumour types Fal1 to «*P«» CAR should Probably 
be oxcludcd Irom trials using the current generation of 
adenovirus vectors. 

Qf greater significance Tor the long-term develop- 
ment of these vectors are Intense efforts CO re-dirtCC 
adenoviruses away from CAR In favour of tumour 
cells- This has been raclUiaied by the rapid solution of 
the structure of CAR that is bound to adenovirus fibre 
protein", One approach to re- targeting adenoviruses Is 
to engineer Uganda Into viral proteins, and to use 
tumour cell-surface proteins (the fibroblast Rrowth- 
Tactor receptor, Tor example") us new receptors. 
Another Is to Increase binding of virus particles to 
Intogrins or simply to enhance CAR- Independent non- 
specific attachment*. Another creative approach uses 
un adenovirus serotype that does noL use CAR an Its 
receptor, such as serotype 35 (rep. h). Binding of CAR 
could also be meskcd by polyethylene glycol treatment 
of virus particles"-". Alternatively. CAR expression 
might be regulated In tumour cells by pharmacological 
Intervention (M. AndorS, F. M. und W.M. Korn. 
unpublished observations) . The full potential of gene 
therapy using adenoviruses might ultimately depend 
on one of these new strategies to infect tumour cells 
selectively, or prevent infection of normal cells thai 
express relarively high levels of receptor- It Is therefore 
likely that distribution of adenoviruses between nor- 
mal cells and tumours can be changed dramatically by 
rational and creative molecular approaches, many of 
which are currently under active Investigation. 

AvoidJnff the humoral Immune system. In other fields of 
gene therapy (cystic fibrosis or other heritable disor- 
ders, for example) , persistent gene expression is often 
thwarLed by destruction or the producer Coll by both 
the B-cell and T-cell arms of the Immune system. For 
cancer gene therapy, destruction or the target cell is an 
objective and, for this indication, suppression of the 
B-cell arm Is the main issue (although the innate 
Immune system can also contribute lo virus neutruJl7.a- 
don") . Most adults hava low levels of neuiraiizlng anti- 
bodies against adenoviruses OT the serotypes used In 
most contemporary vectors (Ad serotype 5) . but for 
local Injection or infusions of high doses or virus (10 12 
virions, for example) . these levels or neutralizing end- 
body are probably Insignificant. However, systemic 
treatment results in relatively low levels of circulating 
virus, and neutralizing antibodies are almost certain to 
curtail trio effectiveness of theau approaches, particular- 
ly as litres rise during repeated treatment 130 . Again, cre- 
ative solutions might be *t hand. Serotypes could be 



used that are less antigenic or less common in Che pop- 
ulation, and epitopes could be engineered out of viral 
particles or masked with agents such es polyethylene 
glycol 17 . Alternatively, the B-cell arm of the immune 
system could be suppressed by selective immune sup- 
pression, using the anU-CD20 antibody Rltuxan. lor 
example (T Rled, personal communication). Whether 
these or Other solutions are effective remains to be seen. 
A great deal depends on their success, as the future of 
gene tharapy for nyslumlc diseases Would be trans- 
formed if this hurdle were eliminated or minimized. 

FUtur* prospects 

The future of genB therapy for cancer depends on a com- 
bination of applied bloengtneering and cradldonal clini- 
cal development. To a large extent, the problem of 
selectively killing cancer colls has boon solved. Critics of 
cancer gene therapy would probably agree that the bio- 
logical principles ore sound, but translating these princi- 
ples Into reality remains a formidable — perhaps prohib- 
itive — challenge. Most of the innovative strategies 
designed 10 circumvent these problems are sttll in precl In- 
leal or early clinical testing, and it is too early to predict 
how successful they will be. However, oven the first-gen- 
eration agents that have entered clinical testing have 
proved safe and there have been several suggestions of 
efficacy. Considering the small number of concepts that 
have been tested extensively (HSV-tk-based suicide vec- 
tors.Adp53.ONVX^015,C2D7 and CN706), It If too early 
to assess this field conclusively, particularly as only one of 
thosn approaches — HSV-tk-based sulddc-gcnv therapy 
— has completed a Phase HI trial. 

The impact of cancer gene therapy will depend to 
some extent on the success or other strategies. Of 
these, small molecules that are directed at known mol- 
ecular targets, and also therapeutic antibodies, seem to 
be the most promising. Small molecules are the most 
traditional and preferred approach for most pharma- 
ceutical companies. However, this approach has so far 
been remarkably unsuccessful in oncology, Very few 
new small molecules have been approved for cancer 
treatment based on rational targets, despite tremen- 
dous efforts throughout the Industry. However, the 
tide could be turning. With the dramatic results of 
STT-571 (Gloovoc) in treating early Stages of chronic 
myelogenous leukaemia, and promising data from epi- 
dermal growth-factor receptor (ECFF) Inhibitors and 
Others, a new era of optimism has arrived. But the 
problems of obtaining selectivity for cancer cells, and 
of achieving suitable blod^tributlon and aaraty, aru 
formidable, and are frequently underestimated by 
Investigators unfamiliar with the process of drug 
development. Furthermore, new agents such as 
Cleevec have already encountered the old problem of 
drug resistance thut limits the potency Of previous 
generations of small-molecule drugs". Yet the success 
of Glecvoe shows us that tb«r« Is a successful path to a 
syswmically active and sale anticancer drug, however 
tortuous this path may be. The same cannot yet be said 
of cancer gene therapy, even though thu concepts have 
strong biological credentials- 
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Antibody agents have enJoyBd a renaissance. 
Indeed, trastuzumab (Hprceptln) , which block* ihe 
oncogenic fiGFR ERBH2. was ihe firsc approved drug 
CO be developed directly as a result of the discovery of 
un oncoyunu, and similar agents pro in chu pipeline. 
AntlbodlBs have more predictable pharmacological 
and toxlcolo(jlcn1 proportion Chan small molecules, and 
humanized versions are not as immunogenic as viral 
vectors, so do not face the problem Of neutralization 
thac must be addressed Tor cancer gena Lhernpy. 
However their impact is limited by the small number 
of turgutn thni arts accessible and specific on the sur- 
faces of tumour cells. 

UlUmfliely, those diverse approaches will be used 
together, as thoy use different mechanisma id control or 
kill cancer colls and they art very likely to have distinct 



toxicity profiles. In the eerly 1990s, U was not possible 
to claim with any assurance that cancer eclb could be 
killed aulacclvcly and radonally. Now, cho debate has 
shifted to a discussion of which approach Is most likely 
to bo successful and, in the case of cancer gene therapy, 
whether the Ingenuity of bloenglneon and clinical sci- 
entists can surmount the final hurdles. We already 
know how to make more potent suicide gonm, and how 
to make viruses thai replicate more efficiently In 
lumour coll*. We cun re- wrgui viruses w*uy from chair 
natural receptors, and we can imagine ways to keep the 
immune system from attacking those therapeutic 
agents. None Of thesu new Ideas has yeibeen tasted in 
the clinic, but any one of them could help enormously. 
1 1 seems unlikely io me thai c*mcor gene Lhernpy will 
Fall at the final hurdle, 
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It has only been within the last few years that Insights 
have been gained into the remarkable diversity of 
functions of the adenovirus early transcription region 4 
(E4) products. The polypeptide encoded by E4 open 
reading frame 4 (£4orf4) has emerged as an enigmatic 
product. Although it accomplishes certain (unctions that 
propel viral replication, it has also been shown to be 
highly toxic, an effect that could dampen the Infectious 
cycle, but that also might serve to facilitate release of 
viral progeny. When expressed alone, E4orf4 Induces a 
novel form of p53-independent apoptosis in cancer cells 
but not In normal human cells, thus making it of 
potential use in cancer gene therapy. In addition, 
knowledge of its mechanism of action, especially with 
regard to its interaction with protein phosphatase 2A 
(PP2A), could provide insights to develop new small 
molecule anti-cancer drugs. Thus future studies on 
E4orf4 should be both informative and potentially 
valuable therapeutically. In this study we review the 
current status of knowledge on E4orf4. Oncogene (2001) 
20, 7855-7865. 

Keywords: Adenovirus; E4orf4; PP2A; apoptosis 



Early region 4 (Ed) 

The E4 transcription unit contains at least seven open 
reading frames (Freyer et at.. 19B4; Herisse et al., 
1981; Virtanen et at., 1984) that, until recently, 
appeared to encode functions with no obvious 
common theme. It is now clear that most, if not all, 
yield products thai play important roles in furthering 
both early and late stages of the adenovirus infectious 
cycle (for review see Taubcr and Dobner, this issue). 
Some, including E4orfl, E4orf3 and E4orf<6, also can 
induce or enhance cell transformation cither alone or 
in cooperation with products of early region 1A and 
IB (El A and E1B). 



•Correspondence: PE Bmmon. McGill University. Mclntyre Medical 
Building. 3655 Promenade Sir William Oaler v Montreal, Quebec, 
Canada, H3G 1Y6; E-mail: branton@med,mcgill.ca 



E4orf4 structure and synthesis 

The product oF E4 open reading frame 4 (E4orf4; also 
reviewed in K-lcinbcrger, 2000) is a small polypeptide, in 
the case of Ad2 or Ad5 7 consisting of 114 residues (see 
Figure 1). It shares no extensive sequence homology 
with any known protein, E4orf4 contains a highly basic 
sequence (in Ad2, R^AKRRDRRRR; consensus 
RxKRRxRRRR); however, it is still unclear if this 
sequence serves as a nuclear targeting or retention 
signal. It also contains a proline-rich sequence near the 
amino terminus (in Ad2, M'VLPALPAPP; consensus 
MxxPxLPxPP) that could potentially represent an SH3- 
binding site. Apart from small regions at the amino and 
carboxy termini, deletion of even short portions of 
E4orf4 yields products that arc generally n on- functional 
and often somewhat unstable (Marcellus et a/., 2000), 
These results suggest that the central core of the E4orf4 
protein may contain considerable tertiary structure of 
functional importance. E4orf4 mRNA is produced from 
the E4 promoter early after infection as one of seven E4 
transcripts; however, transcription of E4 ceases during 
the laLc phase. Nevertheless, E4orf4 persists at constant 
levels even late in infection as it is highly stable (Boivin 
ex al n 1999). Studies on post-translational modifications 
of E4orf4 have not been carefully pursued, but low 
levels of both phospho serine and phosphothrconinc 
have been detected in E4orf4 isolated from infected cells 
(J Lee and PE Branton, unpublished), 



Early studies Of E4orf4 function using mutants 

Early studies that employed mutants defective in 
individual E4 products indicated that E4orf4 (and 
most other E4 products) is not essential for virus 
growth (Halbcrl et al, 1985). E4orf4 function was 
linked to viral DNA synthesis in studies showing that 
viruses lacking E4orf4 replicated viral DNA efficiently, 
but thai a mutant expressing £4orf4 as the only E4 
product was highly defective (Bridge et a/,, 1993)< 
Whether these effects are due to the toxicity of E4orf4, 
discussed below, and/or to the essential role of other 
E4 products in DNA synthesis is not clear. 

Studies in S49 mouse lymphoma cells showed that 
expression of the adenovirus El A protein and addition 
of dibutyryl cAMP induces transcription factor AP-1 
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Figure 1 E4orf4 sequence and mutant information. The single amino ftcid sequence of Ad2 E4prf4 is shown. The positions of praline- 
rich und basic tenons are underlined. Above arc indicated pOflitionw of poinl mutationn, The ubilily of these mutumti Co induce Cell deillh 
and interact with PP2A are correlated and grouped as class I. class II, wild-type • or Unstable O (MarceiluS ct 2000). Below are point 
muunt!i un determined from separate studio? and their ability to promote tipoptoais in transformed cell lines. ( + )- induces apoptosis at 
wild type levels; (-) - no upoptosis; ( + /-)-" induces intermediuie level of apoptosis (Shtrichman er a/., 1999; Aflfl ef a/„ 2001) 



activity through increased expression of genes encoding 
its constituents, JunB and oFos, and increased transla- 
tion of c-Fos mRNA (Engel et aL, 1988; Muller et aL % 
1989). At fairly early limes during infection all such 
activities are reduced, and this reduction was shown to 
be due lo the E4orf4 proLein (Miillcr el at. t 1989). E4orf4 
also negatively regulates expression of the E4 promoter 
(fiondesson et 1996), and more recently it has been 
found to reduce expression of the viral E2 promoter 
regulated by transcription factor E2F (Manncrvik et al*, 
1999). Thus E4orf4 elicits a strong dampening effect on 
El A-activatcd transcription. E4orf4 also plays a key 
role in controlling the splicing pattern of late adenovirus 
LI mRNAs (Kanopka m a!. t 1998). 



E4orf4 interacts with protein phosphatase 2A (PP2A) 

The major first insight into the mechanism of adion of 
E4orf4 came with the observation that immunopreci- 



pitates prepared using anti-E4orf4 antibodies also 
contain the Boc regulatory subunit as well as the A 
and C subunits of the serine/threonine phosphatase 
PP2A (Kleinbcrger and Shenk, 1993). It is likely, 
though not proven biochemically, that a direct 
interaction takes place between E4orf4 and Bet. This 
finding suggested a hypothesis, which persists to the 
present, that the biological effects of E4orf4 are 
induced by a change in PP2A activity, substrate 
specificity, or localization following interaction with 
the B subunit of the holoenzyme. 

Results from several early studies support the idea 
ihat changes in phosphorylation underlie £4orf4 
function. Downrcgulation of AP-1 activity by E4orf4 
is associated with hypophosphoryiation of both c-Fos 
and the El A protein (Muller et cd. f 1992). Phosphor- 
ylation of c-Fos regulates iis activation or repression 
functions as a component of the heterodimeric 
transcription factor AP-1. ThuB the downrcgulation 
of transcription of the JunB and c-fos genes, and thus 
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AP-1 activity, could result from undcrphosphorylaiion 
of c-Fos, either directly or indirectly by E4orf4- 
rcgulated PP2A. The time required for this effect on 
suggested that PP2A may play an indirect role, 
possibly through downrcgulaiion of protein kinasc{s) 
thai act on c-Fos sites (Klcinberger and Shenk, 1993; 
Mailer et at., 1992). Nonetheless, treatment of cells 
with okadaic acid, a relatively specific inhibitor of 
PP2A> blocks the ability of E4orf4 to induce c-Fos 
hypophosphorylation (Kleinbcrger and Shcnk, 1993). 
The basis for E4orf4-induced decreases in c-Fos 
translation are not known, but perhaps suggest thai 
E4orf4 regulates protein synthesis. 

Although the mechanism of E4orr4-mediated effects 
on E2F arc not understood (Mannervik et at.. 1999), 
some insights have been gained on regulation of E4 
expression by E4orf4. It is believed that at least two 
phosphorylation events control this process. E4 
promoter expression is regulated by ATF2 and more 
stringently by transcription factor E4F, which binds to 
two specialized ATF2 sites. E4orf4 downrcgulation of 
£4 expression was found to be inhibited by okadaic 
acid, suggesting that the interaction between E4orf4 
and PP2A may be involved (Bondesson et at., 1996). It 
is presumed therefore that changes in phosphorylation 
of a transcription factor critical for the E4 promoter is 
involved. In this regard, E4F is known to be regulated 
by E1A through phosphorylation (Femandes and 
Rooney, 1997), and thus could represent a key 
E4orf4-PP2A target. E4 transcription also absolutely 
requires El A proteins, specifically the CR3 transactiva- 
tion region and auxiliary region AR1 (Bondesson et al., 
1992). E4orf4 induces a loss in phosphorylation of El A 
protein (MUllcr at aU 1992), and these sites were 
mapped to serine residues 185 and 1S8, which lie 
within the CR3-AR1 region (Whalen et a/., 1997), 
Further, this study showed thai hyperphosphorylaLion 
of these El A sites through expression of constitutivcly 
active MAPKK increased transcription from the E4 
promoter but not from that of E3, Although another 
study suggested a reduced importance of El A 
phosphorylation (Bondesson et al., 1996), these results 
suggested that hypophosphorylation of these sites in 
El A protein could play a key role in 3E4orf4/PP2A- 
induced downrcgulation of E4 expression. As was the 
case with c-Fos, it is unclear if E4orf4-regulated PP2A 
dcphosphorylates E1A protein or if the effect is indirect 
and via effects on the E1A kinase, believed to be a 
MAPK-like enzyme (Whalen et a/. % 1997). It is 
tempting to postulate that downregulation of E4 
expression serves to maintain low levels of E4orf4, 
which is highly toxic (see below). 

A final link between PP2A and E4orf4 function 
concerns regulation of LI mRNA splicing late in 
Infection. E4orf4 enhances usage of the distal LI 
acceptor site to induce the accumulation of Ula 
mRNA at the expense of the 52,55K mRNA formed 
via the proximal site (Kanopka. et al., 1 998). SR 
splicing factors inhibit ITTa prc-mRNA splicing by 
binding to the intronic 111a repressor element (Kanop- 
ka et al. 1996). During adenovirus infection some SR 
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factors become functionally inactivated as III a repres- 
sors through virus-induced dephasphorylation, thus 
enhancing Ll-IIIa mRNA formation (Kanopka et al. t 
1998). It has recently been shown that E4orf binds, 
either directly or indirectly, to a subset of hyperpho- 
sphorylated SR proteins, and that E4orf4 mutants that 
fail to interact with the B subunii; of PP2A fail to 
activate Ilia splicing (Estmer-Nilsson et aL> 2001). 
These results suggest that E4orf4-associatcd PP2A may 
be responsible for dephosphorylating these SR factors 
to promote a switch in the late adenovirus splicing 
pattern. Thus effects of E4orf4 on both transcription 
and splicing could be mediated through dephosphor- 
ylation by E4orf4-regulated PP2A. 

A curious result is the apparent inhibition by £4orf4 
of CTL lysis of cells infected by adenovirus vectors and 
harboring E4orf4 in the vector backbone (Kaplan et 
a/., 1999). This response was unaffected by treatment 
with okadaic acid, suggesting that PP2A is not 
involved. 



Structure and function of PP2A 

PP2A is an abundant serine/threonine phosphatase. 
Figure 2 shows that its holoenzyme is a trimcr of 
catalytic C subunii, and A and B regulatory subunils 
(Janssens and Goris. 200 1)> The A subunit is a 65 kDa 
rod-like protein containing 15 non-identical repeats. 
The 37 kDa catalytic C subunii binds to repeats 11-15, 
whereas B subunits bind to repeats I - 10. A and C are 
ubiquitous, and each exists in two isoforms. Thus far 
about 20 B subunit variants have been cloned and exist 
in three classes. The B (B55) class comprises four 



PP2A structure 




Figure 2 Structure of ihe PP2A holoenzyme- The A, B and C 
■subunits of PP2A hiive been presented. The figure shown chg 
effects of interaction with E4orf4 ind ST ami gens 
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members of about 55 kD: Ba, BP, By and B<5 (Hcaly et 
at., 1991; Khew-Goodall et aL, 1991; Pallas et aL, 1992; 
Zolnierowicz df/ aL, 1994). The B' (B56) class (a, p, y, <5, 
e) is composed of at least 13 isoforms (Csortos et aL, 
1996; McCrighl et aL, 1996a; McCright and Virshup, 
1995; Tanabe et al. 7 1996; Tehrani et aL, 1^6; Zhao et 
at., 1997; Zolnierowicz ttt 1996). The B" class 
contains at least three isoforms PR72/130, PR48 and 
PR59 (Hendrix et aL, 1993; Voorhocve at at., 1999; Yan 
et at., 2000). Recently, two additional B-type subunits, 
S/Gj nuclear autoantigen and striatin, have been 
identified and represent a putative B'" (B93/110) family 
(Moreno er at., 2000), Different classes of B subunits 
share little or no homology, yet all bind to a similar 
region of the A subunit. Recent evidence has shown that 
binding of B subuniis to the AC core is regulated by 
both phosphorylation and methylation of the C subunit 
(Evans and Hemmings, 2000; Wei et at., 2001 ; Wu et at,, 

2000) , B subunits can be located either in the cytoplasm 
or nucleus. Some, like Ba, arc expressed in many tissues, 
while others have more limited expression. B subunits 
function not only in defining the substrate specificity of 
PP2A but also in intracellular targeting, tissue specifi- 
city, and as binding partners for interacting proteins. 
PP2A substrates include proteins involved in basal 
metabolism, DNA replication, cell proliferation, and 
cell cycle regulation (Janssens and Goris, 2001). The AC 
(core) dimer is also present at reasonable levels but lacks 
substrate specificity (Kremmer et at., 1997). A number 
of important PP2A substrates involved in growth 
regulation have been identified, such as cyclin-dependent 
kinases (Cdks) and their substrates, including possibly 
the retinoblastoma tumor suppressor (Agostinis et aL, 
1992; Ferrigno et aL, 1993). PP2A downregulatcs the 
MAPK pathway by dephosphorylating MAPK and 
MAPKK (Frost et at., 1994; Karin and Hunter, 1995; 
Sontag et aL, 1993). There is also mounting evidence 
that both the Act and A/? subunits may function as 
tumor suppressors as they are frequently mutated in 
melanomas, lung and breast carcinomas and gliomas 
(Calin et ai f 2000; Wang et aL, 1998; Colclla et at., 

2001) . 



Interaction of small DNA tumor virus tumor antigens 
with PP2A 

In addition to adenovirus E4orf4, tumor antigens 
encoded by other small DNA tumor viruses also bind 
to PP2A and these interactions may be of significance 
in transformation or immortalization by these agents. 
Small T antigens (ST) of SV40 and polyoma and the 
polyoma middle T antigen (MT) bind PP2A to form 
stable ST/MT-A-C hcterotrimers with the release of 
free B subunit (Pallas et aL t 1990; Walter et at., 1990). 
Interactions of PP2A with ST enhance cell survival, 
and with MT they arc required for binding of c-Src, 
P13' kinase and She, functions that are essential for 
oncogenesis (Campbell et aL, 1995; Glenn and Eckhart, 
1995). T antigens bind to the A subunit at repeats 3-6 
(SV40-ST) or 2-8 (polyoma ST/MT) and, as these 



siics overlap those utilized by Lhe B subunit, these 
interactions displace B. Binding destroys the nonen- 
zyme and inhibits overall core enzyme activity; 
however, this PP2A complex appears to act on SV40 
ST antigen and p53 (Scheidtmann et at., 1991: Yang et 
aL, 1991). It is generally assumed thai the biological 
effects of these interactions arc to modify or inhibit 
PP2A activity; however, it remains possible that 
released free B subunits carry out an as yet unidentified 
function. It is still unclear whether or not T antigen- 
modified PP2A retains activity against some cellular 
substraies. One possibility is that global inhibition of 
PP2A by SV40 and polyoma tumor antigens prevents 
activation by PP2A of pro-apoptotic cellular factors, 
thus enhancing cell survival and transformation. It is 
also possible that the modified complex is redirected to 
substrates which, when dephosphorylatcd, promote 
survival. As mentioned above, E4orf4 may activate 
PP2A, and as discussed in detail below, one conse- 
quence is to induce cell death by apoptosis. 



Features of apoptosis 

Apoptosis is a genetically-regulated killing process 
characterized by shrinkage and rounding of cells, 
disruption of the cytoskcleton, condensation of 
chromatin, cleavage of DNA to nuclcosome sized 
fragments, cytoplasmic vacuolization and blebbing, 
and in the final stages, fragmentation of the cell into 
membrane-bound apoptolic bodies that arc engulfed 
by neighboring cells, In this way cells containing 
genotoxic damage, imbalances in growth (such as 
cancer cells), or those challenged by virus infection 
are eliminated from the host, Apoptosis is often 
regulated at two checkpoints (Gross et aL, 1999; 
Korsmcyer, 1999). Common to most (but not all) 
apoptotic pathways is the activation of caspases 
(Salvcsen and Dixit, 1999). Caspases represent a unique 
class of pro-proteases that can be activated directly, as 
with TNFR and Fas, which, after ligand binding, form 
signaling complexes that bind and activate initiator 
caspases (Nagata, 1997). With many apoptosis indu- 
cers, including p53 9 activation depends on a signal 
from an upstream checkpoint regulated by dimcriza- 
tion of a family of integral membrane proteins related 
to Bcl-2. Homodimerization of Bcl-2 family member 
Bax promotes caspase activation that is prevented by 
Bcl-2 and related proteins thai hetcrodimerize with Bax 
to prevent formation of Bax-Bax homodimers. Another 
Bcl-2-related protein, Bad, triggers apoptosis by 
binding Bcl-2, thus preventing heterodimevization with 
Bax. Cells are maintained by 'survival factors' and the 
positive balance of death suppressors. Dimcrizaiion 
occurs via Bcl-2 homology (BH) domains. Bcl-2 family 
members arc components of membrane complexes in 
mitochondria and the endoplasmic reticulum and may 
constitute channels that regulate release of initiators of 
caspases, like cytochrome c. Activation of the caspase 
cascade results in cleavage and activation of enzymes 
that kill the cell. 
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Signaling and phosphorylation in the apoptotic pathway 

Many Survival factors" arc growth factors ihaL regulate 
cell proliferation through phosphorylation involving 
tyrosine kinase receptors and serine/threonine kinase 
cascades. Bcl-2 and Bcl-X L are both positively and 
negatively regulated by acrinc phosphorylation (Yama- 
raoto et aL, 1999). Phosphorylation of pro-apoptotic 
Bad blocks binding to Bcl-2 and promotes association 
with 14-3-3 protein in the cytoplasm (Zha et ai. r 1996). 
PI3' kinase is linked with phosphorylation of Bad. PI3' 
kinase is activated by binding to phosphotyrosylatcd 
receptors and resulting phosphoinositides recruit the 
kinases Akt and PDK.1 via PH domains (Hemmings, 
1997a,b). PDK1 activates Akt by phosphorylation and 
Akt subsequently translocates and inactivates Bad by 
phosphorylating some sites (Datta et aL, 1997; del Peso 
et aL, 1997). Thus phosphorylation of Bcl-2 and Bad 
can promote cell survival. Therefore dephosphorylaiion 
of these proteins by PP2A or oiher phosphatases could 
promote apoptosis. 



Induction and suppression or upoptossis by adenovirus 
products 

Infection of cells by many viruses induces apoptosis 
(Roulston at aL, 1999; Teodoro and Branton. 1997). In 
the case of adenoviruses, the principal cause for this 
induction is the El A protein (see Figure 3). A major 
role therefore of the E1B55K, E1B19K and E4orf6 
products is to block El A toxicity long enough to allow 
high virus yields. This effect is also evident in 
transformation of rodent cells, as expression of El A 
alone results in rare transformants that normally die 
from apoptosis. The best understood mechanism of 
ElA-induccd apoptosis relates to enhanced stabiliza- 
tion and activation of p53. Such stabilization results 
from interactions of El A proteins with either the p300/ 
CBP histone acetyl transferases or the RB rumor 
suppressor family (Chiou and White, 1997; Querido et 
aL, 1997). The mechanism of the latter is related to 
enhanced expression of Arf by E2F- 1 and thus 
inhibition of Mdm2- media ted p53 degradation and 
induction of p53-dcpcndcnt apoptosis (dc Stanchina et 
aL, 1998). Viability of infected or transformed cells in 
the presence of El A is enhanced by the E1B55K 
protein, which binds to and blocks p53 function; by the 
E1B19K protein, which Functions as a Bcl-2 analog to 
suppress apoptosis; by the E4orf6 protein, which binds 
to p53 and inhibits p53 transactivation activity; and by 
E4orf67ElB55K complexes, which target p53 for 
degradation via a Cul5~mediated ubiquitination path- 
way (sec review by Tauber and Dobner in this issue). 



Induction of apoptosis by E4orf4 

Because El A products appeared to induce apoptosis 
largely via p53, our group reasoned Lhat expression of 
El A in p53-null cells should not result in apoptotic cell 




Figure 3 Induction and suppression of upopiosis by human 
adenoviruses. The Ad$ El A prolcin (coMUining conserved rations 
CR1, CR2 and CR3) is shown at the top. Solid lines indicate 
biological cflectdt cither positive (arrows) or negative (bam). 
Doited lines indicate tranaacllvation of $4 transcription by El A 
proiein. The arrow beside p53 indicates a rise in p53 levels. The 
0"n represent complex formation (E 1 B55K/E4orf6 and E4orf4/ 
PP2A) 



death. It was found that such was the case in p53 
'knockout 1 mouse cells infected with adenoviruses 
expressing only a CR3-defective 243R ElA product. 
Due to the absence of the CR3 transactivation region, 
this virus expresses E1A and E1B products, low levels 
of E2 proteins, but almost no E3 or E4 products. 
Surprisingly, a similar experiment conducted with 
viruses expressing full length El A induced apoptosis 
in p53-null cells, as evidenced by the generation of 
DNA ladders and chromatin condensation character- 
istic of apoptosis (Teodoro et aL, 1995). These results 
suggested that apoptosis was caused not by ElA but 
rather by another viral or cellular product expressed 
under the control of the ElA transactivation region. 
To identify this product studies were conducted in 
El A-cxprcssing p53-null mouse cells infected with 
adenovirus vectors lacking various portions of the 
viral genome, and the results indicated that one or 
more E4 proteins were responsible (Marcellus et aL, 
1996). Using a series of E4 mutants, the killing 
function was mapped to E4orf4 (Marcellus ei aL, 
1998), With virus in which E4orf4 or E4orf4 plus either 
£4orf6 or E4orf3 were the only E4 products, cell death 
was induced at high efficiency. Expression of E4orf4 
alone in the absence of all other Ad products also 
induced p53-independent cell death by apoptosis 
(Marcellus ei aL, 199B). Similar effects were observed 
with E4orf4 products from all classes of human 
adenoviruses (Marcellus et aL, 2000). We also estab- 
lished an E4orf4-inducible CHO cell line and showed 
that such cells die upon induction of E4orf4, exhibiting 
classic apoptotic features including DNA degradation, 
chromatin condensation, and the presence of phospha- 
tidyl serine on the outer cell membrane as determined 
by anncxin V staining (Lavoie et aL % 1998). Curiously, 
apoptosis was not affected by the pan-caspase inhibitor 
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zVAD-fmk, and thus did not appear to involve 
significant activation of caspases (see more below). As 
this work was being carried out, the group of Tamar 
Kleinberger was continuing studies on E4orf4 and they 
showed independently Lhat E4orf4 induces p53-indc- 
pendent apoptosis (Shtrichman and Kleinberger, 1998). 

The finding that E4orf4 is a toxic protein was 
originally surprising, as earlier work showed that a 
viral mutant lacking E4orf4 produced an early 
cytotoxic effect characterized by the release of cells 
from the monolayer (Muller eJ fl / <( 1992). In retro- 
spect, this result is difficult to interpret because, as 
discussed above, E4orf4-null viruses arc defective in 
several aspects of the lytic cycle and overexpress 
other E4 products. Thus such effects could alter cell 
physiology and lead to reduced attachment to the 
plate, Analysis of these cells showed that they were 
not dead, as indicated by Trypan Blue exclusion, and 
in fact E4orf4-null viruses exhibit a prolonged delay 
in cell killing (Marcellus et al. t 1998). These results 
suggested a hypothesis, which remains unproven, that 
E4orf4 plays a role in the death of infected cells by 
apoptosis. Death of infected cells by apoptosis could 
afford several survival advantages, and this mechan- 
ism may be common to many viruses (Roulston et 
aL, 1999; Tcodoro and BraMon, 1997). The inflam- 
matory response would be reduced because apoptotic 
cells arc compartmentalized into lipid vesicles that arc 
taken up rapidly by neighboring cells. This effect 
would not only lessen the immune response, but also 
facilitate receptor-independent spread of the virus. 
Such progeny viruses would also be protected from 
host antibodies and proteases. As discussed below, 
E4orf4 killing appears to be selective for cancer cells; 
however, E4orf4 has evolved in the presence of the 
El A oncogene, which may establish suitable condi- 
tions for induction of apoptosis in lytically-infected 
cells. If E4orf4 killing plays a role in virus release, 
why do adeno virus-infected cells not die earlier, as 
E4orf4 is expressed at early times? First, even when 
expressed alone at much higher levels than in infected 
cells, E4orf4 takes 24-48 b to cause significant cell 
death- Second, the Bcl-2-like E1B19K protein may 
delay cell death, as both Bcl-2 and BcI-Xl have been 
suggested to reduce E4orf4-induced cell killing 
(Lavoie et aL, 1998). And third, although E4orF4 is 
highly toxic, it is not sufficient for the efficient killing 
of infected cells. Studies on adenovirus mutants 
lacking the E3-1 1 ,GK protein, which is expressed 
very late in infection, demonstrated a prolonged delay 
in cell killing even in the presence of E4orf4. Further 
experiments are required to understand the mechan- 
ism of adeno virus-induced death of infected cells and 
the potential cooperation between E4orf4 and E3- 
ll.GK, 



Binding to PP2A Is essential for cell killing by E4orf4 

As discussed above, E4orf4 binds to the Ba subunit of 
PP2A and some of its biological effects appear to 



involve PP2A. To determine the role of this interaction 
in E4orf4 killing, two groups have conducted genetic 
studies in which the ability of E4orf4 mutant proteins 
to bind the Ba subunit and to induce cell killing were 
compared. Genetic analysis of E4orf4 is difficult as 
deletion of even short E4orf4 coding sequences yields 
largely non-functional and often unstable products 
(Marcellus et aL, 2000). Thus both groups generated a 
scries of point mutations in the E4orf4 coding 
sequence, both randomly, and by selective mutagenesis 
affecting residues that are highly conserved in all 
adenovirus serotypes (Shtrichman et aL, 1999; Marcel- 
lus et aL, 2000). Both studies indicated a high degree of 
correlation between binding to PP2A and induction of 
cell death. That is, mutant E4orf4 proteins that fail to 
associate with C subunit or with high levels of PP2A 
phosphatase actiity or that bind very poorly or not at 
all to the Bex subunit are highly defective for killing. 
One of these studies, which employed a much larger 
array of muLants, found that two mutant classes were 
apparent: class I mutants (mapping largely between 
residues 51-89) that fail to bind Ba and fail to kill; 
and class II mutants that interact with Bot at fairly 
normal levels but arc defective for killing (Marcellus et 
aL, 2000). Further support for the requirement of the 
Bot subunit was obtained in studies showing that 
expression of antisense RNA specific for Ba transcripts 
appeared to inhibit E4orf4 cell killing (Shcrichman et 
aL, 1999). These results indicate that binding to the Ba 
subunit is absolutely required for E4orf4-medialed cell 
death and thus that PP2A is the major target. The 
existence of class II mutants could suggest that Bex 
binding may not be sufficient and that a second E4orf4 
function exists; however, it is possible that although 
binding takes place, ii is non-functional in terms of 
eliciting appropriate effects on PP2A- 



Specificity of B subunit binding 

Several kinds of studies have indicated that association 
of E4orf4 with PP2A is via an interaction with the B 
subunit. Although binding to the Boc subunit of PP2A 
has been well established and found to take place in 
the yeast two hybrid system (Z Zhang, RC Marcellus 
and PE Branton, unpublished), it has not yet been 
shown rigorously whether this interaction is direct or 
via an intermediary protein. Studies with recombinant 
proteins should resolve this issue. As multiple B 
subuniis exist in four families that share little sequence 
homology, it was of interest to determine the specificity 
of the E4orf4 interaction. In one study conducted in 
E1A/E IB-transformed human 293 cells, E4orf4 binding 
was also detected with members of the B r (BS6) family 
of subunits (Shtrichman et aL, 2000). Although mutant 
analysis indicated that such binding was not involved 
In E4orf4-mediated cell killing, these observations raise 
the possibility that E4orf4 elicits other functions via 
PP2A holocnzymes containing B56 subunits. Our 
group has also analysed B subunit binding, using 
H1299 human lung carcinoma cells. Although high 
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levels of binding of E4orf4 were detected with all four 
highly related members of the B(B55) family (i.e. Ba, 
B/J, By and BS) t none was delected wiLh any members 
of the B'(B56), B" or B'" subunit families, which are 
largely unrelated to B55 proteins (Marccllus et al f 
submitted). It is possible that the failure to detect 
binding with B56 subunits is rotated to differences in 
antibodies or positioning of epitope tags on E4orf4 or 
B56 products used in binding analyses; however, after 
extensive efforts, such does not appear to be the case. 
It is also possible that B56 binding is affected by 
factors that differ between 293 and Hi 299 cells. Thus 
this issue remains unresolved. 



Analysis of the apoptotic pathway induced by £4orf4 

As mentioned earlier, E4orf4 induces most of the 
classic hallmarks of apoptosis; however, important 
differences from most other inducers exist. Treatment 
of CHO cells expressing E4orf4 under an inducible 
promoter with caspase inhibitor zVAD-fmk had little 
effect on cell death following induction of E4orf4 
expression (L-avoie et al, 1998). Further, no induction 
of caspase-3 or PARP cleavage was apparent in these 
cells, suggesting that E4orf4-induced apoptosis is 
caspase independent. More recently, this question has 
been rc-addrcsscd using cells tranafected with plasmid 
DNA expressing E4orf4 (Livne et al., 2001). In p53- 
null human H1299 cancer cells, some induction of 
caspase-3 activity was detected as was release of 
cytochrome c from mitochondria, a hallmark of 
caspase activation. In ElA/ElB-expressing human 
293 cells, E4orf4-induced apoptosis. as measured by 
DAPI staining of aberrant nuclei, was diminished by 
overexprcssion of a caspase-8 dominant-negative 
mutant, an effect nor seen with a similar caspase-9 
mutan t . These results suggest th at E4orf4 could 
function through a caspase-8 pathway similar to death 
receptors. Our group has been addressing this question 
using a different approach, with apparently different 
findings (Szymborski and PE Branton, in preparation). 
Cells were infected with adenovirus vectors expressing 
inducible E4orf4 or the pro-apoptotic proteins p53 or 
tBID. Caspase activation was assessed by Western 
blotting to detect the presence of cleaved, activated 
caspases. In HI 299 cells, whereas p53 induced massive 
activation of caspases, expression of E4orf4 failed to 
activate caspases 1, 2, 3, 6, 7, 8 or 9 in dying cells. 
Similar results were also obtained in 293 cells using 
IBID as a positive control. In addition, whereas both 
IBID and p53 induced release of cytochrome c from 
mitochondria, E4orf4 did not. The reasons for the 
discrepancies between these two studies could relate to 
differences between DNA transection and infection 
with viral vectors, or to differences in cell density or 
culture conditions during the experiments. Neverthe- 
less, the possibility exists that E4orf4 may be capable 
of inducing either caspase-independent or -dependent 
pathways. Thus, the uniqueness of the E4orf4 
apoptosis pathway remains unresolved. 
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E4orf4 kills cancer cells selectively 

Using transformed and primary normal rat cells, 
Shtrichman et al (1999) suggested that E4orf4 may 
kill oncogenic but not normal rat cells, The latter were 
found to become more susceptible to killing by 
expression of certain activated oncogenes. Our group 
has examined over 40 human cancer cell lines 
representing most major classes of human tumors and 
found that E4orf4 induces massive cell deaLh in all 
tines tested (Marccllus et al. submitted). Interestingly, 
E4orf4 had little effect on abouL a dozen primary 
human cell types derived from various tissues. Cell 
death in these studies was measured by inhibition or 
cell growth, and thus E4orf4 killing was cancer cell- 
specific and not related to differences in proliferation. 
Studies were also conducted to determine the effect of 
E4orf4 on growth of human tumor xenografts in mice 
in viva. E4orf4 was expressed in tumors by injection of 
a tetracycline-inducible E4orf4 adenovirus vector in 
mice given doxacyclin in drinking water. In the case of 
both C33A and H1299 human tumor cells, expression 
of E4orf4 caused a significant reduction in tumor size 
and progression. The effect was far more significant 
than that obtained using an adenovirus vector 
expressing p53. a leading candidate for human cancer 
gene therapy. Thus E4orf4 represents a major potential 
tool in cancer therapy, either individually or in 
combination with other genes or treatments. 

Why does E4orf4 exhibit cancer cell specificity? The 
favored hypothesis is that expression of activated 
oncogenes or inactivated tumor suppressor genes in 
cancer cells supply essential signals that trigger cell death 
once the defective apoptotic signaling machinery in 
cancer cells has been reinstated by E4orf4. As such 
upstream signals are not present in normal cells, these 
cells are resistant to E4orf4 killing. It is also possible that 
all cancer cells contain higher levels of E4orf4 targets or 
thai these targets or E4orf4 itself are more effectively 
modified post-translationally or localized in cancer cells. 
Further understanding of this specificity must await new 
insights into the mechanism of action of E4orf4. 



Intracellular localization of £4orf4 

E4orf4 is found in high quantities in cell nuclei 
following ovcrexpression: however, significant 
amounts, especially at later times, arc also present in 
the cytoplasm and associated with cytoplasmic compo- 
nents (MJ Miron, J Lavoie and PE Branton, 
unpublished). Although the localization of PP2A B 
subunits can vary during the cell cycle, the Ba subunit 
has been found in association with both microtubules 
and vimentin (Sontag et al, 1995; Turowski et al., 
1999). B'(B56) family members have been found both 
in the cytoplasm and the nucleus (McCright et al, 
1996b). Preliminary studies using traditional immuno- 
fluorescence microscopy of cells expressing E4orf4 and 
various epitope-tagged B subunits indicated a high 
degree of apparent co-localization of E4orf4 with both 
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the Ba subunit and B'(B56) family members, especially 
in the cytoplasm (Shtrichman et a?. 9 2000). These 
results suggest Chat Lhc primary targets for E4orf4- 
PP2A action may be cytoplasmic, although effects on 
nuclear targets cannot be ruled out. Further studies 
using E4orf4 proteins fused to specific targeting signals 
could be of value to better define the sites of action of 
E4orf4, and such studies are underway. 



E4orf4, Src family kinases and extranuclear a po ptosis 

A recent study has demonstrated that E4orf4 can 
initiate caspase-independent extranuclear apopiosis 
through a dysrcgulation of Src family kinases (Lavoic 
et at,, 2000), Extranuclear apopiosis or anoikis 
generally occurs when cells lose integrin-mediated 
attachments to the extracellular matrix (ECM). These 
ccll-ECM attachments promote the assembly of 
signaling molecules such as Src family kinases and 
focal adhesion kinase (FAK) to focal adhesion sites, 
where they then activate downstream survival path- 
ways (Frisch and Ruoslahti, 1997; Giancotii, 1997). 
Extranuclear apoptosis occurs in three steps, the first 
being the release stage, which involves reorganization 
of focal adhesions and actin to give cells a rounder 
morphology, after which membrane blebbing and 
finally condensation into apoplotic bodies occurs 
(Mills et aL, 1999). While E4orf4 expressing cells are 
able to bind to ECM proteins. E4orf4 appears to 
interfere with downstream signals that promote cell 
spreading and survival. E4orf4 was found to associate 
and colocalizc with Src family kinases and these 
complexes contain the PP2A catalytic subunit (Lavoie 
ei ai., 2000). Whether the E4orf4-Src interaction is 
direct or mediated by other proteins remains to be 
determined. Src kinase activity appears to affect the 
distribution of E4orf4 in cells. About 30% of E4orf4 is 
normally associated with the cytoskeleton; however, in 
the presence of activated c-Src or v-Src this level 
increases 2 - 3-fold. The authors suggest that this 
massive translocation of E4orf4 may contribute to 
the triggering of cell death. Src activity also positively 
correlates with the amount of E4orf4-induced mem- 
brane blebbing and nuclear condensation, PP2. a 
chemical inhibitor specific to Src family kinases, 
significantly inhibited the number of apoplotic 
E4orf4-expressing cells. While E4orf4 does not affect 
the in vitro kinase activity of c-Src, it appears to 
modulate Src-dependent tyrosine phosphorylation of 
specific substrates with some having higher (FAK and 
paxillin) and others lower (cortactin) levels of tyrosine 
phosphorylation, Expression of E4orf4 also correlates 
with a dramatic rclocalization of tyrosine phosphory- 
lated proteins, actin fibers and cortactin (Lavoic et aL 9 
2000). The proposed model is that E4orf4 can interfere 
with Src/FAK signaling to promote the improper 
assembly of focal adhesions and ultimately the loss of 
survival signals. This effect would be accompanied by 
changes in the actin cytoskeleton, resulting in 
morphological and structural changes and membrane 



blebbing typical of apoptosis. tt is still unclear how 
E4orf4 modulates Src kinase activity, becomes relo- 
cated in the presence of activated Src, or rearranges 
the actin cytoskeleton. 



Mechanism of action of E4orf4 

Interactions of E4orf4 with the Ba subunit (and/or 
possibly other members of the B55 family) arc 
required for E4orf4-induced cell killing, and thus the 
major questions in determining the mechanism of 
action lie in defining the effects of E4orf4 on PP2A 
function and the targets of E4orf4-moditled PP2A 
enzyme. Clearly E4orf4 can enhance the hypopho- 
sphorylation of several proteins, including c-Fos, E1A, 
E4F and SR factors, and alter c-Src-depcndent 
phosphorylation patterns; however, it is neither clear 
if these proteins are direct targets for E4orf4-PP2A 
complexes, nor if these events are related to cell 
killing. Although binding low levels of PP2A activity 
by E4orf4 appears to be sufficient to kill some cells 
(Shtrichman et al., 1999), our work with many cell 
types has clearly indicated that cell killing increases 
with increasing levels of E4orf4 expression (Marcellus 
<ti aL, submitted). These results suggest a stoichio- 
metric relationship between E4orf4 and PP2A, 
possibly related to the ability of E4orf4 to locate 
appropriate PP2A holoenzymes, or a necessary shift, in 
the global balance of normal and E4orf4- modified 
B55-PP2A- E4orf4 could alter the overall phosphatase 
activity of PP2A following binding to the Ba subunit, 
or more likely, modify Lhc substrate specificity of such 
enzymes. Several mechanisms for reprofiling PP2A 
specificity could be possible, including: relocalization 
of PP2A by E4orf4 to preferred targets for cell death; 
modification of the Ba subunit to enhance acLivhy 
against certain selective substrates; or binding of pro- 
apoptotic substrates to target them to PP2A. At 
present very little information exists to distinguish 
between these possibilities. In addition to B subunits, 
E4orf4 appears also to bind selective SR factors 
(EaLmcr-Nilsson el al. f 2001); however, several addi- 
tional as yet unidentified proteins co-immunoprecipi- 
tate with E4orf4 (MJ Miron and PE Branton, 
unpublished). Identification of these species and 
further studies on the enzymatic activity of E4orf4- 
PP2A are required to provide new insights. In 
addition to these biochemical studies, downstream 
targets of E4orf4 may be elucidated through genetic 
approaches, In this regard, studies in yeast may be 
highly informative because of the availability of 
powerful genetic techniques in this organism. 



E4orf4 in Sacckaromycts cerevisiae 

PP2A enzymes of Saccharomyces cerevteiae greatly 
resemble mammalian PP2A with respect to organiza- 
tion, subsLrato specificity, and sensitivity to inhibitors 
(Cohen et ai., 1989). A duplicated gene encodes two 
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forms of the catalytic C subuniL, Pph21 and Pph22 
(Sneddon et aL, 1990), that share 89% amino acid 
sequence identity. Both arc aL least 75% identical io 
The human C subunit peptide sequences (Costanzo et 
aL, 2000), but contain a unique acidic amino terminal 
region of unknown function (Ronne et aL, 1991). 
These subunits arc dispensable for cell growth when 
deleted individually, but strains lacking both, as well as 
a related gene, PPH3, arc non-viable (Ronne at aL, 
1991). Temperature sensitive mutants have shown that 
the catalytic subunit is important for mitosis, cell wail 
integrity, and polarized growth (Evans and Stark, 
1997). TPD3 encodes the only A subunit, and Jikc its 
mammalian counterpart it contains 15 non-identical 
repeats of 39 residues (van Zyl et aL % 1992), termed 
HEAT (huniingtin-elongation-Asubunit-TOR) motifs, 
that probably mediate protein-protein interactions 
(Groves ei aL, 1999; Hemmings et aL, 1990). tpd3 
strains grow poorly and are both cold and heat 
sensitive, having morphological defects similar to 
cdc55 cells at low temperatures and being defective 
for RNA polymerase 111 transcription at elevated 
temperatures (van Zyl et aL, 1992). 

Only two B-type regulatory subunits exist in yeast 
and are encoded by CDC55 and RTSL representing 
the B and B' families, respectively (Hcaly et aL, 1991; 
Shu et aL, 1997). Cdc55 is 47% identical and 61% 
similar to the human Boc subunit of PP2A (Cost&nzo et 
al^ 2000). cdc55 deletion strains are cold sensitive and 
produce abnormally elongated cells due to defects in 
cytokinesis and/or scptation, thus implicating PP2A in 
cell morphogenesis (Hcaly et aL, 1991). CdcS5 has also 
been shown to play a role in the cell cycle and appears 
to function at the spindle checkpoint as well as to be 
required for the proper regulation of Swel kinase 
(Wang and Burke. 1997; Yang et a(., 2000). Rtsl 
shares over 50% identity with mammalian B' subunits 
(Costanzo et aL, 2000). rtsl deletion strains are 
temperature sensitive for growth, with the majority of 
cells accumulating in G2/M with a single undivided 
nucleus (Shu et aL, 1997). Rtsl also regulates the 
global stress response in yeast (Evangel is ta et aL, 
1996), Rtsl and Cdc55 are not functionally redundant 
PP2A subunits as Rtsl docs not rescue cold sensitivity 
of cdc55 cells, but actually enhances the morphological 
abnormalities of this mutant (Shu et aL, 1997). 

5. cerevisiae provides a genetically tractable model 
system in which to study E4orf4 functions. E4orf4 
expression was shown to promote irreversible growth 
arrest in yeast (Afifi et aL, 2001; Roopchand et aL, 
200 1 ), promoting an elongated morphology in cells 
arrested or delayed in the G2/M phase of the cell cycle, 
as demonstrated by FACS analysis and the presence of 
elevated Cdc2B/Cdkl kinase activity (Roopchand et aL, 
2001; Kornitzer et aL, 2001). As with Bot in mammalian 
cells, E4orf4 interacts with the Cdc55 subunit and 
through this interaction recruits the entire active PP2A 
complex containing Pph2]/22 and Tpd3 (Roopchand et 
aL, 2001). Evidence demonstrating the necessity of the 
B subunit for E4orf4 function in mammalian cells has 
been correlative thus far (Marccllus at aL, 2000; 
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Shirichman et aL, 1999). Using the yeast system a 
direct requirement for the B subunit has been clearly 
demonstrated, as whereas E4orf4 is fully toxic in an 
rtsl deletion strain, the majority of E4orf4 toxicity is 
abolished in a cdc55 deletion strain (Roopchand et aL, 
2001; Kornit2er et aL, 2001); however, low levels of 
growth inhibition were still detected in the absence of 
Cdc55, suggesting that E4orf4 may have PP2A- 
independent functions (Roopchand et aL, 2001). In 
the absence of Cdc55, E4orf4 does not interact with the 
A and C subunits. nor docs il associate with any 
detectable PP2A phosphatase activity, thus confirming 
the importance of Cdc55 for recruitment of PP2A and 
indicating thai no interaction takes place with B'-like 
Rtsl subunits (Roopchand et aL, 2001). In wild-type 
yeast both class I (R81A/F64A) and class II (K.8SA) 
E4orf4 mutants induce a partial effect on cell growth 
similar io thai of wild type E4orf4 in cdv55 deletion 
strains, even though binding to Cdc55 was undetect- 
able with the former and similar to wild type E4orf4 
with the latter (Roopchand et aL, 2001). Taken 
together, these results again suggest thai E4orf4 elicits 
Cdc55-independent effects. Further studies using yeast 
generics should allow identification of E4orF4 down- 
stream targets, and this information may shed light on 
the mechanism of induction of p53-independcnt killing 
of transformed cells. 

Little is yet understood about the mechanism of 
E4orf4 toxicity in yeast, although one study may 
provide some insights. Induction of growth arrest in 
yeast was found to be associated with an accumulation 
of reactive oxygen species (Kornitzer et aL y 2001). 
Further, genetic studies using yeast mutants defective 
in mitosis have suggested an involvement of products 
required for mitosis, Including Cdc28/Cdkl and 
anaphasc-promoting complcx/cyclosome (APC/C). 
E4orf4 was found to inhibit APC/C activity, possibly 
through a direct interaction with APC/C, while 
enhancing that of Cdc28/Cdkl (Kornitzer et aL, 
2001). Although these observations need to be 
confirmed by other laboratories, they may rep resent a 
significant step in our understanding of E4orf4 action. 



Future research and therapeutic potential of E4orf4 

The discovery that B(B55) subunits of PP2A represent 
the primary targets in E4orf4-induced p53-indepcndent 
apoptosis has provided a major insight into the 
mechanism of action of E4orf4. Nevertheless we 
understand little of the consequences of this interaction 
or whether or not the intracellular location of E4orf4- 
PP2A complexes is important. It will be important to 
determine what effect this interaction has on PP2A 
enzymatic activity, and to identify the specific targets 
involved in the onset of cell death. Cell death could be 
induced by increased or decreased PP2A-mediated 
dcphosphorylation of relatively few subsLratcs (perhaps 
those linked directly with cell survival or cell death 
pathways), or it may result from more global effects on 
a wide range of substrates in multiple pathways 
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causing an accumulated decline in cell viability. Death 
could also result indirectly as a consequence of changes 
in transcription, splicing, or translation induced by 
E4orr4. Thus analysis of changes in the patterns of 
gene and protein expression in response to E4©rf4 
using new technologies may be informative. It is also 
likely that genetic analyses lo identify suppressors oF 
E4c>rF4-induced killing using cither mammalian or yeast 
systems will prove significant. Identification of addi- 
tional E4orf4-binding proteins should also provide 
insights. All of these approaches arc now underway 
in several laboratories. 

Additional questions concern the identification of a 
possible second function of E4orf4 in cell killing, and 
whether E4orf4-induced cell death plays a role in the 
replication cycle of adenoviruses. As caspasc activation 
and cytochrome c release are not stimulated by E4orf4 
in at least some systems, E4orf4 should also provide 
insights into novel mechanisms of apoptosis. Further, 
the determination of the mechanism of the differential 
susceptibility of normal and cancer cells could provide 
insights for the development of new anli-cancer drugs. 



E4orf4 has great potential in cancer therapy. A 
majority of human cancers contain mutations that 
inactivate p53, and many other cancers are probably 
defective in downstream components of the pS3 path- 
way, including Arf. As many current therapies rely on 
p53-dependent cell killing, these treatments arc only of 
limited value in these cases. E4orf4 kills a wide range of 
cancer cells independently of p53, and thus could be 
effective in all cancers, regardless of p53 status. Therefore 
the use of E4orf4 as a gene therapy agent or in the 
development of small molecule drugs that mimic E4orf4 
function could yield highly effective and specific 
treatments for human cancer. We believe that many of 
these issues will be resolved in the near future. 
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Conditionally Replicating Adenoviruses Kill Tumor Cells via a Basic 
Apoptotic Machinery-Independent Mechanism That Resembles 
Necrosis-Like Programmed Cell Death 
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Conditionally replicating adenoviruses (CRAd*) represent a promising class of novel anticancer agents that 
are used for virotherapy. The E1AA24 mutation-based viruses, Ad5-A24 [CRAd(E3-)i E3 region deleted] and 
Directivity-enhanced Ad5-A24RGD [CRAd(E3+)] have been shown to potently eradicate tumor cells- The 
presence of the E3 region in the latter virus is known to improve cell killing that can be attributed to the 
pn^ence of the oncolygb'cnhancJng Ad death protein. The more precise mechanism by which CRAds kill tumor Q 
cells is unclear, and the role or the host cell apoptotic machinery in this process has been addressed only in a o 
limited way. Here, we examine the role of several major apoptotic pathways in the CRAd-induced killing of non- |. 
small-cell lung cancer H460 cells. As expected, CftAd(E3+) was more potent than CRAd(E3-). No evidence | 
for the involvement of the p53-Bax apoptotic pathway was found. Western blot analyses demonstrated strong £ 
suppression of p53 expression and unchanged Bax levels during viral replication, and stable ovcrcxpresslon of g- 
human papillomavirus type 16-E6 in H460 cells did not affect killing by both CRAds, CRAd activity was also § 
not hampered by stubk overexpresslon of untl-apoptotk Bcl2 or BclXL, and endogtanous Bcl2/BclXL protein "5; 
levels remained constant during the oncolytic cycle. Some evidence for caspase processing was obtained at late g> 
time points alter infection; however, the inhibition of Caspars by the X-Hnkcd inhibitor of apoptosls protein 3 
overexpression or co treatment with zVAD-ftnk did not inhibit CRAd-dependent cell death. Analyses of several g 
apoptotic features revealed no evidence for nuclear fragmentation or DNA laddering, although phosphatidyl- gj 
serine external J zatton was detected. We conclude that despite the known apoptoftls-modulatlng abilities or In- <j 
dividual Ad proteins, AdS-A24-based CRAds trigger necrosis-like cell death. In addition, we propose that dereg- e 
ulated apoptosls In cancer cells, u possible drug resistance mechanism, provides no barrier for CRAd efficacy. JT 
t m z 

Conditionally replicating adenoviruses (CRAds) represent a containing cytotoxic payloads. In this respect, the possibility gj 

promising class of biologic agents designed to selectively rep- chat interactions between the viral genome and host Cell factors = 

licate in and lyse cancer cells, also known as virothcrapy (for will determine adenoviral oncolytic efficacy has been left rela- 

reviews, sec references 2, 23, and 37), Tumor specificity of tively unexplored (28) for wild-type Ad (wcAd) and has not g 

CRAds has been achieved by modifying a viral gene(s) impor- been addressed lor CRAdA24 variants. Ads normally infect 

nam for efficient viral replication in normal cells but not in c 6ite of the respiratory tract; however, they are redirected in 

tumor cells that possess complementing genetic defects. virotherapy to infect and kill tumor cells. Tumor cells are likely 

TWo types of CRAds can be distinguished, in which cither t0 possess intrinsic genetic differences compared to normal 

Lhe adenoviral genome is modified by a specific mu tali on or host lnat mav a| s0 ex j st among different tumor types, 

deletion or turn or- specific promoters are inserted to drive the which could either facilitate or hamper CRAd replication and 

expression of essential viral genes. For example, Ad*-A24 con- cell kjuj ngi s uch mechanisms may provide an explanation for 

tains a partial deletion in the CR2 domain of the pRb-binding cmnervcd discrepancies in CRAd efficacy in addition to the 
protein ElA (d.922-947) thai is complemented in pRb-deficient in£cclion efficiencies. 

tumor ceils (13). An integrin-directcd infectivity-enhanced Apo ptg S i fi is a specific form of programmed cell death 

variant, CRAdA24RGD, which is currently being evaluated m (pQD) ^ fa characterizcd b severaI morphological changes 

clinic*] t^ that are raoa , promifie ntly visible in the nucleus. Including 

nolle . rs \ntrs\ o nri in ifufst H Aft arl\ 1 * . mi- 

chromosome condensation and nuclear shrinkage and trag 



cells in vitro and in vivo (3, 2% 46, 47), 

In animal studies and in the Clinic, CRAds appear to be safe ^ ^l"^!^ 1 " J * " "^j^™ "J' • uT„ 7*1" " 

and well tolerated; however, their antitumor activity as a single «n.ntatton The caspascs. members of the farm* of aqwtic 

agent is modest, and improvement of the therapy is required ac-d-speafic ^steme-proteases, are the «««O0«er of ape, 

(14, 24, 40). Strategies currently explored to enhance the effl- P^sis and essential for the assembly of the cell (tor renews 

cacy of these agent! include the* combined use of CRAds with 9 \™\ "f^ ^ Wm / 9 ° l Tt 

conventional therapies and the generation of armed CRAds have been .dentified that mdvee caspasc-dependent apoptos.s 

upon exposure to various stimuli. The intrinsic pathway can be 

,„,-„„„ triggered by cytotoxic agents, for example, and involves the 

* Corresponding author. Mailing address: VU University Medical destabilization of mitochondria leading to activation of cas- 

SSSSSSlTSSJf.fS msST P** ™> c^sic pathway is initiated via death receptors 

Fax: 31 20 444 3844. E, mail: kruyi@vumcjil. such as Fas/CD95, that activate caspase-8. Both caspasc-8 and 
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can activate the downstream or executor caspasc-3. 
-6, and -7. The aClivity of caspases can be regulated by mem- 
bers of the inhibitor of apoptosis (IAP) family, S^ch as X- 
Jinked IAP (XlAP) (54). The Bcl-2 family of proteins comprise 
antiapoptotic and proapoptotic members that are key regula- 
tors of the mitochondria] pathway (1, 27, 41). Proapopioiic 
members, including Bax, can induce mitochondrial instability 
leading to the release of cofaciors that allow the activation of 
caspasc-9 assembled in the apoptosome. The activation of the 
basic apoptotic machinery as briefly outlined above is consid- 
ered to largely determine the success Of cancer therapies, and 
obstruction of ihis apoptotic machinery in cancer cells may 
cause resistance to treatment. 

Ads have a rather complex infrastructure in which the viral 
genes produce numerous proteins that prevent the death of 
infected cells early after infection and other proteins that favor 
cell death at later stages (6, 28, 33, 36, 42, 52). Several viral 
encoded proapopiotic and antiapoptotic proteins arc known to 
maintain Temporal control Of the Ad on the host cell. 

Mosl notably, E1B-19KD (an Ad Bcl2 homologuc), E! 13- 
55KD in complex with E4orfo\ and the E3-1Q-4BCD and E3- 
L4,5ICD proteins, which arc encoded by early transcribed genes, 
act as antiapoptotic proteins and are responsible for the preven- 
tion of premature oncolysis or cautfc immune suppression, while 
E1A-12S, EXA-13S, E4orf4, and E3-11.6KD (Ad death protein 
[ADP]) act as proapoptotic protcifw when tested individually, 
In addition, the mechanism responsible for the oncoiysis-en- 
hancing effect of ADP is largely unknown (32, 50). Thus, dur- 
ing Ad infection, the viiaJ proteins act in concert with several 
hoy i cell-encoded key apoptotic regulators in ei son of cell death- 
balancing act, leading to the timed delay of cell death and allow- 
ing the efficient replication and gcncraLion of viral offspring. 

Despite the known apoptosis- regulatory function of individ- 
ual Ad genes, it is currently unknown whether the disruption of 
cancer cells at the last stage of CRAd infection, named oncol- 
vmSv employs the basic apoptotic machinery of the host cell. 
To explore this, we set out to investigate the role of the basic 
apoptotic machinery during the CRAdA24-induccd killing of 
non-small -cell lung cancer (NSCLC) H460 cells. The involve- 
ment of several main apoptotic pathways was studied, in- 
cluding p53, Bcl2, and caspase-mediated cell death, and the 
morphological and biochemical features associated with 
CRAdA24-induced cell death were examined. Interestingly, 
CRAd-induced cell death can be classified as a necrosis-like 
PCD that bypasses the apoptotic machinery of the host cell ir- 
respective of the presence or absence of the E3 region (ADP), 
suggesting that deregulated apoptotic pathways in cancer arc un- 
likely to have a negative impact on CRAd-induced cell killing. 

MATERIALS AND METHODS 
Cell culture and cruMiMnl. The human NSCLC NCI M4GO pur-amul cell line 
(p53* Rb vi A P 16INKO (22); the previously generated derivative* H4fl)Bcl2, 
rUGOBclXL. und H4AUXIAP; theifc dcrivniivc*' empty vector control* H4ft0\ 
PEFPGK3 and H4oO\pcDNA3 (11): and H460-humnn paplUotnnvLruii lypO 16 
(HPV1(j)-T56 (designated H460HPV16-E6) (53) **«rc cultured in RPMT 1$4Q 
medium ttupplemenied with 10% hciu-lniietlvaicd fetid hnvlnc fefum (Invliro- 
gcn. Brcda» The Netherlands), SO 1TJ of penicillin/ml, 50 jj.g of strep tomyeln/ml, 
nnd 1 p-h of puromycin/ml or 21)0 p.g of Gcnclicin/ml, depending on the cell line, 
and grown m 37*C In a humidMed air with 5% CO = , The cells were tested 
routinely for die absence of mycoplasma before u.*e, and overcxpres*ton of Be] 2, 
BdXL, und XlAP protoliw wiin eonllrrtiDii by ImmunuhMtoehamlrury prior in uHc 
in the experiments For npoptosta activation, cells were treated with 25 ng of 



nnti-Fn* «ctlvadng antibody (clone CH11; Upatatc Biotechnology, Inc.,, Lake 
Placid, N.Y.)/ml iog oilier with Q.S \lq of cyelohcxlmldo (CHX; Slgmu. Si. U.uiui» 
Ma.)/ml tor 16 h or with 14 m-M cisplatin (CMP; Bristol-Myers Squibb. Woer- 
den. The Ncthcrlnndu) for 3 days. Cn»p«sc acilv H Lion wem inhibited by exposure 
of cells to the pan-caspare inhibitor iVAD-fmV at 100 \iM (fin/.ymc Systems 
Products, Livormorc, Calif.). 

CRAd Infection and vtobillly mviiRHreniDrtl. Ad&Z4 |CKAd(E3-)j nnd 
AdA24ROD [CRAd(E3-i-)] harbor h 24-bp deletion in the pRb-binding C$,2 
domuin in the E1 A region; the Inner contain* the E3 region (E3+) and harbors 
RGD motif cloned In the fiber knob thai enhances Inlecdvily in a wide runge 
of cancer cells f>7). CcUb cultured 10 near-confluence in M-wcIl plates were 
incubated with differs multlpHdUeN Inaction (MOln) (u-Oai to 10U PFU/ 
eell) of CRAd(53-) or CRAd(E3-i) In growth medium (50 u,l/well) 4it 37*C. 
Two hourpt pomlnrcctlon. Hnorhcr volume of vlnm-frec medium wns «ddcd. Cell 
viability whs memiured within 7 Jaya poaiinlcction with WST-1 reugent (llochc 
Diagnostics, Mannheim, OermMiy). Briefly, the culture medium was removed 
unci replaced by I0U ^.1 of 10% WST-l In culture medium. 

Depending on cell type and density, the formation of Ihe formazan dye was 
allowed lo proceed for 30 to 60 min ul 3?*C. and thc/l <M] *Ufl measured with u 
model 55U mleroplate reader (BJo-Rad LabarulOrles, Hercules, Ciillf.). The 
pcrccntBgc of growth (WST-l conversion) or treuled cells was expressed as a 
percunuige of tho convumlon by uninfected control colU after uubtructlon or 
background values of WST-1 incubated in the absence of cclta. Alternatively, the 
□ncolyilc poicmlnl of the CRAd* In rclntion to cell viability wan determined by 
cryKtnl violet staining. Cells* were washed with phosphate-buffered anllno (PBS) 
(10.P niM Na a HFO*, l-B mM NnH a P04, 8,2 ff of NaQ/litcr), h>cd for 10 min at 
room temperature (RT) in 4% (val/vol) fui-mnldehydD in PBS, und nlnlned uMinfi 
10 g of crystal violet dyc/llier in 70% (voLvol) cdianol for 20 min u l l^T. After beiiuj 
wjiAihed ■cvcrnl limci with vnlcr, the culture platen were air dried prior to Imaging. 

Western Wotting. Ccllb were lyaed at 24, 4tfm And 72 h ponunfccUon m 
indicated in RTPA buffer (50 mM Tria-HQ, 15U ftlM NaCl, 0.059& iOdivm 
dodccyl sulfate. 0.5% sodium dooxyeholbte (Pluku Uioehcmlku, Buchir. Swfiter- 
land], 1% Igepal LNP-40; Sigma |, and 1 mM PEFa block protcuse Inhibitors 
mitfurc [Roche DingnoMics]) on ice and alored nt -H0"C for further utie. After 
determining niintplc protein concentration* by the biclnchonlnlc acid protein 
assay rcugem kit (Pierce Biotechnology, Rockfort, 111.), 20 u.g of each sample wa^ 
aepnnited on » sodium dodccyl Hu!Cutc-12J < Apolynerylnmidc act claeirophoivHlri 
gel. Thereafter, the protein* were blotted on a poiyvlnylidene difiuoride mem- 
hninc (Blo-Rnd), The membrane wan rinsed in blocking solution conuiiriiiig 5% 
nonfat milk In TBST (U.1% Tweon 20. 150 mM NaCl. and 10 mM Trla-UCl |pl l 
8]). The following first antibodies, dissolved in 5% bovine scrum albumin-TBST, 
were used: unlWvuman p53 monoclonnl antibody <MAb) (dilution 1;l,00(li 
DAKO, Closirup, Denmark), unti-Bax MAb (dilution 1-25Q; BD Transduction 
LDbornloric^. Spurks, Md.), robbil ptilyglonol ami-BclXL (dilution 1:2501 DAKO 
Diagnostics. MlHsissnugu, Ontario, Canada), nn\l-Bcl2 MAb (dilution 1;X,000; 
DAKO), rabbit polyclonal Knti-poly(ADP-ribose) polymerase (PARP) (dilution 
1:2000; Roche, Almerc. The Nelhcrliind«), imii-euspfbse-M MAb (dilution 1 :2.0OU: 
Xmmunolcch, Prague, Czech Republic), rabbit anti-cu&patfe-9 (dilution 1:2,000: 
PhurMlnttcn, San Diego, CmUi'-), hnil-caflpnjie-3 MAb (dilution 1:1,000: BD 
Trunbduction Laboratories), und iinti'^-aetui MAb (dilution l;7.5uu,* Slgmu), 

After incubation for 1 to 2 h with the primary antibody and washing in TBST, 
the bloiM wctc | n eu bnicd with pero^dnse-eonjugutad goid nnU-nihbji (dlluiloci 
1:5^)00) or rabbit anti-mouse (dilution 1:2.000) IgG secondary antibody (DAKO). 
For chemolumlncseenee detection, hints were immersed in cnhAnccd chcmilu- 
mlnesecnce solulion ifid c<posed to hyperfllm (Ameraharn Pharmaclu l/K, Ltd., 
Buckinghamshire, United Kingdom). 

Apuplosls detection assays. For DNA fragmcniiillun iiniilysc*. 5 X 10 s cells 
were harvested 72 h postinfection, and DNA was extracted as described previ- 
ously (12). In brief, cel(» were pelleted and lysed with 30 u.l of lysis buffer 
conuilning 20 mM EDTa 100 mM Trb (pH H.0), U.«% sodium lauryl surcosi- 
nntc, and 5 mg of proteinwfe K/ml. After 2 h of incubation at 50°C, 0.2 mg of 
RNhjic A/ml was added, und the lywte wurt ineuhated Tot another 30 min uc 37 u C f 
prior to electrophoresis On a 1.3% agarose gel containing elhidium bromide (0.2 
pig/ml). Nuclear morphology was examined in treated or untreated cells cultured 
on eoversllps that were wudhed once with PBS before incubation In the flxeilv? 
(3.7* formaldehyde in PfiS) for 30 min at RT, stained with Hoech*! 33342 
(ttlgmu) for 1 h nt RT, timl mounted with Vcetiiahleld (Vector Lnbom carles Inc., 
Dvrlingame. CaliL)' SUlned nuclei were visualized at a 40x mngnltkaUon under 
UV light. Phosphntidylserlnc (PS) externa) Izotlon was determined after exposure 
to the phospholtpld'bindlng protein Annexln V, according to the munufueturei'ri 
protocol (Roche). In brief, cells cultured on coverslip^ were incubated with 
fluorescein- labeled Anncxin V Jind propidium iodide (Pl)-cantnininji bufl'er 
(Roche) for ]$ min at RT. Annexln V and PI stnlning were visualised at a 
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K1G. L Infectivity-cnhanccd AdA24RGD[CRAd(E3+)] is more 
potent in killing H460 cells than Ad A24[CRAD(E3 — )]. The viability of 
H4G0 ccIIb was determined by the WST-i assay, with three experi- 
ments Duru show mcani* s umndard dcviailon (A) find crystal violci 
staining (B) at 5 and 1) days post infection, at different MOIs. 

63* m^nificaiion under blue Eird grenn light, respectively, wiib i»n inverlud 
UMIKB/E flui)»c«jcngc miLr g «ope (Lclcu* Heidelberg Oermnny) uulnp Lckh 
05WIMC Quontimei software, version l.Oi (LcLch Cambridge, I_ui. p Cambridge, 
United Kingdom). 

RESULTS 

CRAd-induced killing or H460 cells. To determine the mode 
Of cell death induced by CRAds, we used two variants: E3 
region-deleted virus> CRAd(E3— ), and CRAd(E3->-), contain- 
ing the E3 region and possessing integrin-mcdiated enhanced 
inicctivity (29), In this study, wc compared the mechanism of 
cell killing tay these two CRAds, assuming that RGD targeting 
only leads to enhanced infection efficiency without affecting 
the underlying mechanism of cell killing. For a model system, 
wc employed the NSCLC H4oU cell line. First, wc assessed the 
oncolytic effect of the CRAds in H460 cells by determining cell 
viability by WST-l (Fig. 1A) and crystal violet staining assays 
(Fig. IB) at 5 and 11 days, respectively, after infection with 
different MOls. As expected, both viruses showed MOI-depen- 
dent toxicity with CRAd(E3+ ) that was more potent than with 
CRAd(E3-) in killing 1-1460 cells; 50% inhibitory concentra- 
tion values were 3.5 and 30 PFU/ccll, respectively. 

p53-Indepcnd«nt cell killing by CRAds in H460 cells. To 
investigate the role of p53 in mediating cell death triggered by 
CRAds in H4o~0 cells, the expression of p53 was examined by 
Western blotting in extracts derived from CRAd-infected cells 
that were harvested at different time points after infection (Fig, 
2A). The levels of p53 progressively decreased within 2 days 
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after CRAd(E3-) infection, which can be attributed to E1B- 
55KD-mediated degradation (18, 36). The presence of the E3 
region accelerated the reduction in p53 levels that may also be 
caused by accelerated internalization via the integrin-targeting 
motif RGD, The expression of the p53-induCible proapoptotic 
Bcl2 family member Ba* was also studied, revealing a time- 
dependent decrease after CRAd(E3~) infection. The pres- 
ence of the E3 region augmented CRAd-induccd Bnx reduc- 
tion at 24 h postinfection, and levels remained low at later time 
points. As a control, H4G0 cells were treated with CDDP. 
which resulted in the induction of Bax and a less appreciable 
accumulation of p53 (Fig. 2A), which is in line with the ex- 
pected activation of a p53-depcndent route to apoptotic cell 
death. Activation of a p53-independcnt death receptor path- 
way with an agonistic Ab directed against the Fas receptor 
caused a decrease in the levels of pS3 and Bax, 

To further assess the role of p53 in CRAd-induced cell 
death, H460 cells stably transfected with HPV16-E6\ which 
possess reduced levels of p53 caused by HPV16-E6-mediated 
degradation of pS3 (Fig. 2B), were infected with different 
MOIs of CRAd(E3+). Cell viability was measured at 7 days 
postinfection and was compared to CRAd toxicity in empty 
vector-transfected p53-cxpressing control cells (H4<S0-neo) 
(Fig. 2C). The EG-dcpcndent inhibition or p53 did not influ- 
ence the oncolytic effect of this CRAd. Together, these data 
indicate that the cell killing effect of both tested CRAds is not 
dependent on the activation of p53-dependent apoptosis. 

Cell depth Induced by CRAds is triggered independent or 
caspases and Bcl2. Next, the contribution of the basic apopto- 
tic machinery to CRAd-induced cell death was evaluated more 
directly. H46G cells were infected with the two CRAds at an 
MOJ of 25, and the processing of procaspases-9, -8, and -3 and 
the caspase substrate PARP was determined by Western blot- 
ting at various days postinfection. Figure 3A shows that both 
CRAds produced some PARP cleavage at 24 and 48 h after 
infection, followed by a decrease in both unprocessed PARP 
(JIG kDa) and cleaved PARP (89 kDa) at 3 days postinfection. 
The activation of caspases was studied by monitoring the de- 
crease in the band representing the procaspase form that is 
indicative for caspase activation. Apart from a small decrease 
in the procaspase bands at 3 days postinfection, there is no 
clear indication of caspase processing in contrast to the strong 
activation observed during Fas-induced apoptosis (Fig. 3A) 
that was used as a positive control for death receptor and 
caspaso-depondent upoptositi, Subsequently, the involvement 
of the anti-apoptotic Bcl2 family members Bcl2 and BclXL, 
key regulators of the mitochondrial apoptotic pathwuy, wan 
studied during CRAd-induced cell death. In Western blotting 
experiment*, the expression levels of Bcl2 and BclXL did not 
decrease (Fig. 3B); together with the above-demonstrated lack 
of increase in Bax levels (Fig. I A) k these findings arc indicative 
for the lack of participation of the mitochondrial pathway in 
mediating cell killing by these CRAds. 

To further test the role of caspases and Bcl2 in CRAd- 
triggered cell death, we used a panel of H460-derived stable 
transfectants overexpressing Bcl2, BclXL, and XlAP, the latter 
an inhibitor of caspase-9- and easpase-3-dependcnt apoptosis 
(54). These cell lines have been generated previously and 
shown to be potent in inhibiting mitochondria- and caspase- 
dependent apoptosis in H460 cells (11). The Stable transfec- 
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FIG. 2. The p53-Bl« npoptotic pathway is not involved in CRAd(E3+)- or C R Ad ( £3 — )- ind u Ccd Cell killing Of H400 ocllij. Western blot analyses of 
p53 and Bax expression in H460 cells infected with CRAd(E3+) Or CRAd(E3— ) at an MOl of 25 at different time points after infection arc shown. 
As el control. H460 cells were treated with CDDP Or with FasL+CHX (Fas). (3-Actin serves as a control for loading (A). The reduced expression 
level of p53 in stable MPVlo-EO-ovcrwcprcRsing I-I4G0 cells (H460-E6) WOfl confirmed (B) r CRAd-induced cell killing III different MOIs was 
examined in H460-E6 cells and in empty vecLOr-transfected control H460 cells (H460*neo) at 7 days after infection fay WST-l assays. The results 
obtained for CRAd(E3 + ) arc shown tuid were similar to rhofic for CKAd(E3-) (C). Values arc mcane ± standard deviation of rhrec experiments. 



tants were tested tor iheir sensiiivity to the oncolytic effect of 
CRAd(E3 + ) when compared to parental H460 cells and vec- 
tor-transfecied control H460 cells (Fig. 3C, H460\PEFPGK3 
and H460\pcDNA3). No protection was observed by the over- 
expression of Bcl2, BcXl. or X1AP, and similar results were 
found for CRAd(E3~) (data not shown). 

As a final lest lo examine the possible involvement of caa- 
pases in CRAd-induced cell death, H460 cells were cotreated 
with the broad caspasc inhibitor zVAD-fmk at a concentration 
of 100 u.M, which completely protected against the apoptotic 
effect of FasL plus CHX (FasL+CHX) (Fig, 3D). In line with 
the above, CRAd activity was not suppressed in a detectable 
way by zVAD-lmk administration, further confirming that cas- 
pases are not involved in the execution of CRAd-induced cell 
death. 

Analyses of biochemical and morphological features of apo- 
ptoslN In H460 Cells undergoing CRAd-induced cell death. 

Finally, CRAd-dependent changes in several parameters of 
apoptosis were examined, Nuclear morphology was studied by 
Staining H460 cells with Hoechst 33342 at 3 days after infection 
with both CRAds at an MOI of 25 in the presence or absence 
of 100 p,M zVAD-fmk to assess caspase-dependent phenom- 
ena (Fig. 4A). Regardless of the presence of the E3 region, 
both CRAds seemed to cause some swelling of the nuclei, and 
regions with more intense staining (i,C-, a speckled appear- 
ance) were observed that were nor. affected by zVAD-fmk 



treatment. In contrast, FasL+CHX exposure clearly induced 
chromosome condensation, nuclear shrinkage, and/or frag- 
mentation that could be reverted to normal by cotreatmcnt with 
100 U.M zVAT>fmk, indicative of caspasc-dcpcndent apoptosis, 

DNA fragmentation assays were also performed at 3 days 
after infection with both CRAds. Contrary to the pronounced 
DNA fragmentation found in FasL+CHX-positive control 
cells, no DNA fragmentation was observed in CRAd(E3+)- or 
CRAd(E3-)-infected cells (Fig, 4B). Caspase inhibition by 
100 nM zVAD-fmk completely protected against FasL+CHX- 
induced DNA laddering. 

The last marker of apoptosis that we examined was the loss 
of phospholipid symmetry and externalization of FS residues in 
cells with an intact membrane that is indicative for apoptosis 
(10, 21) and which was determined by AnnexinV staining 
within 2 days after CRAd infection. The cells were costained 
with PI in order to discriminate apoptotic cells (Annexin V 
positive and PI negative) from necrotic ones (Annexin V and 
PI positive due to membrane pcrmeabilization). The results 
Obtained were similar for both CRAds and are only shown for 
CRAd(E3 + ), which induced a somewhat more rapid PS exter- 
nalization than CRAd(E3-), in line with iis faster rate of 
oncolysis. Untreated cells remained negative for Annexin V 
staining for the duration of the experiment (Fig. 4C). The 
majority of CRAd-infected cells showed Annexin V-positive 
membrane staining in the absence of PI staining. In a small 
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FIG. 3, CRAd(E3±)-induccd cell death is not mediated by caspases and is not dependent on the activation of the mitochondrial apoplotic 
pulhway regulated by Bcl2. H«60 cells were infected at an MOT or 25, and cell extracts were made at different timca postinfection and subjected 
to Western blotting. As a control, H460 cells were treated with agonistic Fas Abs in combination wirh CHX (Fas), (A) The expression levels of 
unprocessed procaspase-9, -fl, and -3 were assessed together with the cleavage of caBpase substrate PARF. (B) Bcl2 and BclXL expression was also 
determined. (C) CRAd(E3 + )-induccd cell killing in H460-derivcd Ntuble trunrtfcclcd cell linen ovcrcxprcntring undupoplotfc Bcl2 Bnd BclXL or the 
caspase-inhibitor X1AP when compared to the empty vector controls H460\P£FPGK3 and H460\pcDNA3 was studied. Different MOIij were used, 
and WST-1 activity weik measured at 4 days postinfection. Similar results were obtained for CRAD(E3— ). (D) Co treatment with the broad caspase 
inhibitor zVAD-fmk failed to protect H460 cells from CRAd(E3±)-induced cell death, whereas it was effective in protecting against apoptosiH 
induced by FasL+CHX cell* thaL served as a positive control. Values are means ± standard deviation of three experiments. 



portion of CRAd-infcetcd cells, PS cxtcrnwliiution was accom- 
panied by PI staining; this may represent a minority of cells 
thut became leaky during virus propagation. Cocxposurc with 
zVAD-ftnk did not alter the Annexin V staining pattern in the 
infected cells, FasLH-CHX-trented cells displayed Annexin V- 
positive and Pi-negative cells, and PS exposure was completely 
prevented by zVAD-fmk (Fig. 4C). This indicates that CRAds 
trigger PS exEernalization via a caspase-independent mecha- 



nism, in contrast to FaaL+CHX treatment, which induces cas- 
pase-dependent PS exposure. 

DISCUSSION 

The eradication of cancer cells by gene therapy approaches 
that arc based on the molecular characteristics Of cancer cells 
provides a promising new therapeutic platform. In this respect, 
CRAds represent rationally designed agenu for the selective 
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FIG. 4. Lock of epoptotic features in H460 cells undergoing cell death triggered by CRAd(E3 + ) and CRAd(E3— ), (A) H460 cells were infected 
with both CftAdii ai an MOI of 2$ alone or Id combination with 100 u.M zVAD-ftnk for 2 days. As a control, cells were exposed for 16 h to 
FasL+CHX with or without zVAD-fmk. Nuclei were stained with Hoechst 33342 to visualize chromatin condensation, nuclear shrinkage, or 
fragmentation that are murker^ Tor HpoptOSi.H by immunofluorescence microscopy. CRAd-infCCtcd cells did not display nuclear apoplotic features, 
in contrast to Fas+CHX-exposed cells that show condensed and fragmented nuclei reversible by zVAD-fmk. (B) DNA fragmentation was also 
analyzed, revealing no apoptotic DNA laddering in CRAd-infected cells, whereas FasL+CHX treatment results in clear DNA smearing. 
(C) Anncxin V staining caused by PS externallzaiion was examined 1 and 2 days postinfection and in FasL+CHX- created H46Q cells with and 
without zVAD-fmk. Ceils were co treated with PI to allow the distinction between Annexin V staining in the presence or absence of an imaci 
membrane detected by immunofluorescence microscopy; the ph wye-con trust imngc is also shown (Phase). A minor portion ol CRAd-infccicd cells 
were PI positive (indicated by arrows). AnnexJn V staining is caspase independent In CRAd-infected cells and caspase dependent when induced 
by FariL-l-CHX. Results arc shown for CRAd(E3 + )-infecccd cells; similar findings were obtained for CRAd(E3-)-infectcd cells, 



killing of cancer cells, while leaving normal cells inlacc. Despite 
exciting laboratory results with CRAds, several practical ob- 
stacles need to be overcome before vvroihcrapy can fulfill its 
goals in the clinic. 

In this study, we focused on the possibility that the host cell 
apoptotic machinery may either facilitate or suppress CRAd- 



induccd cell killing in cancer cells, as this may cause resistance 
to CRAds and lead ro imratumor variation in CRAd efficacy. 
In various cellular and biochemical assays, we showed that 
CRAd(E3-) and CRAd(E3 + ) kill H460 3MSCLC cells inde- 
pendent from the basic apoptotic machinery. At late time 
points after infection, some evidence for procaspase processing 



02/06 2010 17:23 FAX +31334227313 



VEREENIGDE-Amersfoort 



Igj 037/044 



VOL. 78, 2004 



APOPTOS1S AND CRAd-lNDUCED CELL DEATH 12249 



TABLE 1. Summary of npoptotic features found in H46Q cells infected with AdA24-bascd CRAds and mode of cell death 



Cellulur and 
molecular ehiuigoM 



OU dcaih 



Induced cell death 



Apopio*!* 



ApofHwilH-llkc PCD 



NtfcronlH-lllcc PCD 



CRAd-induccd aneoly«ln FnsL+CHX 



Chromatin condensation 
ONA laddering 
Cytophwnic Bhrinkage 
PS wpwirc 
Cabpuwl activation 



+ 

-/+ 

-/+ 

-/+ 



-/+ 
-/+ 



+ 



" Chfoinniin condcnunHoit occurs hui i* iltNllncl frum "Jipoptolic gondcrumtiDn" lext). 



was found (Fig. 3); however, the pan-caspase-inhibitor zVAD- 
fmk and ovcrexpressed XIAP did not influence CRAd-mcdi- 
ated H46D cell killing, indicating that the observed caspase 
cleavage is a cophenomcnon and not instrumental for CRAd 
toxicity. In line with this, the small proportion of cleaved PARP 
may reflect to some extent the apoptosis-regulatory activity of 
the adenoviral proteins in preventing the cell from dying early 
before completion of the reproductive viral cycle. Rather than 
inducing PARP cleavage, PAR? expression fades away at 3 
days postinfection, which is suggestive of caspusc-indcpcndcnt 
cell death. The lack of effect of caspase inhibition by zVAD- 
fmk on cell death triggered by these CRAds was also observed 
in NSCLC A549 and SW1574 cells (unpublished data). 

The apparent lack of involvement of the basic apoptotic 
machinery in mediating CRAd-induccd cell death was con- 
firmed in H460 cells ovcrcxpressing Bcl2 or BclXL thai failed 
to protect against the oncolytic effect of CRAds. In this con- 
text, the presence or absence of the E3 region did not affect the 
mode of cell death, in agreement with the observed nonapo- 
piotic cell death induced by ADP (6, 50). 

Previously, it has been speculated that ADP that is expressed 
in large amounts at late stages after infection facilitates onco- 
lyses in a stoichiometric manner by targeting the nuclear mem- 
brane where it either binds and/or deactivates antiapoptotic 
proteins like cellular Bcl2 or viral E1B-19KD or acts by dis^ 
rupting nuclear membrane (5, 15), Out data showing that ADP 
did not engage the apoptotic machinery is more in favor with 
the latter hypothesis thai ADP mainty targets the nuclear 
membrane rather than modulating antiapoptotic factors to en- 
hance oncolysis. 

The role of p53 in determining the oncolytic activity of 
replicating Ads is somewhat controversial. After Ad infection, 
P 53 accumulates, which is counteracted by E1B-5SKD together 
with E4orf6, acting as E3 ubiquitin ligase, which complexes 
with p53, resulting in its degradation and preventing p53-dc- 
pendent apoptosis. On one hand, it has been demonstrated 
lhat p53 in a complex with ElB-55KD-E4orf6 is required for 
efficient (rapid) oncolysis (8, 16) and that p53 overexpression 
(19, 44, 51) enhances the oncolytic effect of CRAds; in other 
studies, the presence or absence of functional p53 did not alter 
replication and release or Ad (26). A possible drawback in 
these latter studies is that tumor cell lines derived from distinct 
sources were compared, which does not rule out the possibility 
that olher genetic differences apart from p53 status may influ- 
ence Ad propagation. By using the isogenic cell lines H460 and 
H460HPV16-E6, we sought to overcome this. Our experiments 
with AdA24-based CRAd(E3+) and CRAd(E3— ) did not show 
an effect of overexpression of the p53-sequestering HPV16-E6 



protein on CRAd-induced cell killing in H460 cells, which 
supports the notion thai p53 status does not influence CRAd- 
induced cell death. Our results are in agreement with reports 
of Hnrnda and Berk (17) and others (18, 45), who showed 
comparable adenoviral production (replication and release) in 
cancer cells independent from p53 status, including in p53-null 
NSCLC cell lines (e.g.. H1299) and p53-wUd-type counterparts 
(17, 43). However, in our experiments we cannot rule out the 
possibility that even in H460HPV16-E6 cells only a very small 
portion oC p53/ElB-55KD/E4orf6 is formed that is sufficient 
for normal oncolysis. In this scenario, p53 triggers an as-yet- 
unknown cell death mechanism that is distinct from classic 
p53-dependent apoptosis via the intrinsic (mitochondrion-me- 
diated) route. Yet we can rule out that the E1A mutation 
specific to the Ad5-A24-based viruses plays a role in rendering 
CRAd(E3+)- and CRAd(E3-)-induccd cell killing p53 inde- 
pendent, since wtAdS induces a similar p53-indcpendeni cell 
killing in HPV16-Ee-overcxpressing H460 cells (data not shown). 

Apart from addressing the role of the apoptotic machinery 
in CRAd-induced cell death, we also monitored a panel of 
morphological parameters lhat allows the more precise classi- 
fication of the mode of cell death that can range from apopto- 
sis to necrosis. Apoptosis, as a distinct PCD process, is mainly 
characterized by a combination of hallmark morphological and 
biochemical changes, including DNA fragmentation, chroma- 
tin condensation, cytoplasmic shrinkage, and PS extemaliza- 
tion, which can be associated with molecular markers such as 
the activation of caspases (20). More recently, it has been 
reviewed that other types of PCD exist in which caspases arc 
not activated despite the presence of apoptotic features, such 
as DNA fragmentation and chromatin condensation; this type 
of PCD is named apoptosis-like PCD (31). In the absence of 
chromatin condensation, this typo of PCD is termed necrosis- 
like PCD, which can still be associated with apoptotic markers 
such as PS cxlcrnalization. CRAd-induccd oncolysis, regard- 
less of the presence of the E3 region, was not associated with 
upoptotic DNA fragmentation caused by internuclcosomal 
DNA cleavage (Fig. 4B), Nuclear staining revealed small ag- 
gregates (speckled staining) spread in the nucleus of CRAd- 
infected cells (Fig. 4A), which is difficult to assign either lo 
aggregates of Ad DNA or to irregular chromatin condensation. 
By visual observation, CRAd infection seemed to increase the 
size of the nucleus to some extent, in contrast to the nuclear 
shrinkage and fragmentation observed with FaaL+CHX- 
treated cells. Finally, Annexin V staining assays showed that 
CRAd-induced cell death was associated with PS externalfra- 
tion that could not be blocked by zVAD-fmk, in contrast to PS 
exposure-induced by FasL+CHX that was caspase dependent. 
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Regardless of the observed loss of membrane integrity in a 
portion of CRAd-inlected cells, PS exposure was the only 
apoptotic marker found in this study. In Table 1, the results are 
summarized whereby CRAd-induced phenomena are com- 
pared to apoptosis induced by FasL+CHX treatment and four 
forms of cell death. It can be concluded that the detected 
molecular and cellular features that characterize CRAd- 
induced cell death rule out apoptotic or necrotic cell death 
and that nccrosis-likc PCD tils CRAd(E3 + )- and 
CRAd(E3-)-induced cell death best, although this is inevita- 
bly somewhat arbitrary. 

The found lack of involvement of the baaic apoptotic ma- 
chinery in mediating CRAd(E3+V and CRAd(E3-)-induced 
eel! death corresponds with previous data showing thai wtAd 
type 5 (wtAdS)-induccd cell kill was not associated with DNA 
fragmentation or the formation of apoptotic nuclei (35, 49) 
and also indicates that the &2A mutation in E1A does not alter 
these features. This is remarkable when considering the clear 
apoptotic or antiapoptotic activities of the various character- 
ized individual adenoviral proteins (reviewed in references 6, 
38 r and 52). For example, ElA13S-mduced apoptosis is asso- 
ciated with caSpasc-3 activation and FARP cleavage (4); 
Lavoie and coworkers (30) showed that E4oif4-induccd p53- 
independent cell death was associated with loss of mitochon- 
drial membrane potential and chromatin condensation but 
without caspase-3 activation or PARP cleavage. However, as 
we demonstrate here, when Ad proteins act in concert, the net 
outcome is the activation of a caspasc-independent mode of 
cell death. This may be explained by assuming that Ad proteins 
that trigger cu&pase-indcpendcnt and nonclassical apoptotic 
cell death dominate this process, such as the previously men- 
tioned E4orf4 protein (7, 25). In the literature, cell death 
induced by replicating Ads is often referred to as apoptosis, 
which in light of this study is incorrect- It should be noted that 
different assays are used in these studies to determine apopto- 
sis that are not suitable for making the distinction between 
apoptotic and nonapoptocic forms of cell death. More impor- 
tantly, it should be realized that depending on the particular 
combination of replicating Ad vector and host cell line used, 
the outcome may vary, For example, the use of an Ad2-bnsed 
mutant that lacks EIB-19KD (a Bcl2 homologue) expression 
was found to have an enhanced cytopathic effect in colon 
cancer HCT116 cells with a functional Bex gene when com- 
pared to non-Bax-cxpressing counterparts, which was inter- 
preted as evidence for Bax contributing to Ad-induced apo- 
ptosis (34). This finding may be true for a virus with a deleted 
E1B-19KD gene in a Bax-positive background, but it is not 
relevant for a CRAd expressing the Bax-inhibiring E1B-19KD 
protein. Similarly, the concept that induction of cell death in 
Ad-infccted cancer cells may enhance progeny virus release 
and spread has been shown for a particular combination of 
host cells and Ad, Mi and coworkers (39) found thai in HeLa 
cells infected with Ad El/E3-delcted viruses that overexpress 
IkB, which sensitizes cells for tumor necrosis factor a (TNF- 
a)-induced apoptosis, the administration of TNF-a after the 
virion assembly stage enhanced viral release. 

For the generation of more effective CRAds, interfering 
with the early apoptosis-regulating properties of the Ad should 
be avoided when possible, to prevent adverse effects on opti- 
mal virus production. Correctly timed expression of proapo- 
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ptotic genes is therefore essential and can be achieved (for 
example) by production from the E3 region, as reported for 
TNF-a (42). The expression of diffusible apoptosis-inducing 
proteins could also have therapeutic benefit by their ability to 
act at a distance from the infected cells, thereby circumventing 
possible barriers in the tumor mass that may hinder virus 
spread. 

Our study indicates that deregulated apoptosis in cancer 
cells will lifeety not oppose effective CRAd-induced cell death. 
Their mechanism of tumor cell killing is therefore different 
from conventional therapies in which apoptosis activation con- 
tributes to cell death and may provide an explanation for the 
potency of CRAds in killing chemo-rcsistant tumor cells. It 
seems that during evolution, Ads evolved a mechanism for 
disrupting the host cell at the final stage of the viral cycle that 
docs not require the activation of the basic apoptotic machin- 
ery. Currently, we are attempting to identify pathways that are 
involved in the activation of CRAd-induced cell death by em- 
ploying micro array-based approaches. The elucidation of host 
cell mechanisms that affect CRAd-dcpendent oncolysis will help 
to identify CRAd-rcsistance mechanisms and allow the devel- 
opment of rationalized strategies to circumvent such hurdles. 
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Examination of the Therapeutic 
Potential of Delta-24-RGD in Brain 
Tumor Stem Cells: Role of Autophagic 
Cell Death 

Hong Jiang, Candelaria Gomez-Manzano, Hiroshi Aokl, Marta M. Alonso, 
Seiji Kondo, Frank McCormick, Jing Xu, Yaeuko Kondo, B. Neblyou Bekele, 
Howard Colman, Frederick F. Lang, Juan Fueyo 

Tho aradicotion of brain tumor stem calls is aS6«ntlal for long-term brain tumor 
r»mlaoion after treatment. In this study, wa •xeminod the there pout ic potential 
of an oncolytic adenovirus, Delta-24-RGD, targeted to the abnormal P 16lNK4/Rb 
pathway in brain tumor atam cells. Four brain tumor etam cell linea from surgi- 
cal glioblastoma specimens expressed high levels of adenoviral receptors and 
allowed for efficient viral Infection, replication, and oncolysis In an Rb-dapendent 
manner. Delta-24-RGD induced autophagic cell death, as indicated by accumula- 
tion of Atfl6 and LC3-1I protein end autophagic vacuoles. Treatment of xenografts 
derived from brain tumor stem cells with Detta-24-RGD statistically significantly 
Improved the survival of gllome-bearlng mice (means: 36-S versus 66.3 days, dif- 
ference = 27.8 days, 95% confidence interval = 19,5 to 35.9 days, P<.001). Analyses 
of treated tumors showed that AtgB expression colocsllzed with viral fiber pro- 
tein and delineated a wave front of autophagic cells that circumscribed areas of 
vlrally Induced necrosis. Our results show for the first time that brain tumor Stem 
cells are susceptible to edenovirus-mediated cell death via autophsgy In vftro and 
In vlvo- 

J Natl Cancer Inst 2007;99:1410-4 



The brain tumor stem cell hypothesis 
proposes the existence of multipocenr 
glioma cells of origin that arc character- 
ized by die expression of stem cell mark- 
era and by the capacity for «clf-rcnewal> 
mukilincage differentiation, and reesrab- 
lishnient of tumors after trans plant n tie n 
(1-5). An implication of the brain tumor 
stem cell model is that brain tumor utcm 
cells are resistant to radiation and che- 
motherapy and may therefore be respon- 
sible for tumor recurrence (6,7). Because 
adenoviral proteins can completely over- 
come the molecular machinery of the 
infected cell, we hypothesised chat Delta- 
24-RGD, an oncolytic adenovirus with 
enhanced cropisnl CO glioma cells and 
selective replication in cancer cells with 
an abnormal Rb pathway (B,9), may act 
as a potent therapeutic agent Co target 
brain tumor stem cells and prevent them 
from developing resistance to other 
forms of therapy. However, adenoviral 



receptor expression, infcctibility, the 
susceptibility to adenoviral replication, 
as well as the characteristics of adenovi- 
rus-mediated cell death have not previ- 
ously been examined in cancer stem 
ceils. 

In this study, wc isolated ncurospherc- 
forming cells from four fresh surgical 
specimens of glioblastoma multiforme (3) 
(Fig. 1, A). These cells exhibited the in 
vitro stem cell characteristics of extensive 
self-renewal (more than five passages 
in culture) and the ability to differentiate 
Co neurons and astrocytes (Supplementary 
Fig- l r available online). Flow cytometric 
analyses showed chat 20%-80% of the 
cells expressed the neural stem cell pro- 
tein CD 133* which was recently identi- 
fied as a potential brain tumor stem cell 
marker in brain cancer (I) and in other 
solid tumors (10,11) (Fig. I, A). When 
clonally derived, these cells initiated new 
tumors when transplanted into the basal 



ganglia of immunodeficient mice 
(Supplementary Fig. 2, available online). 
Because Dclta-24-RGD is targeted to 
Rb-deficient cells (6,9), we examined the 
levels of Rb and plo*INK4a proteins, 
whose expression is mutually exclusive in 
glioblastoma multiforme (12,13), in brain 
tumor seem cells. As reported for glio- 
blastoma multiforme, irnmunoblottio^ 
analyses showed that che expression of 
either Rb or pi 6 protein was absent in 
these cell lines (Fig. 1, B). Next, using 
flow cytometric analysis, we demon- 
strated thac the cell lines expressed 
hiyh levels (>50% positive cells) of 
coxsackie-adenovirus receptor, the main 
adenoviral receptor required for virus 
attachment (14), and/or Arg-Gly-Asp 
(RGD)-recogniTiing intcgHns etv(33 
and ovp5 for virus internalization (IS) 
(Fig. 1, C). Consequently, the four glioma 
stem cell lines were susceptible to adeno- 
viral infection (Supplementary Fig, 3, A, 
available online). Accordingly, treatment 
of the cell lines with Dclta-24-RGD 
resulted in a drastic reduction in cell 
viability, and at 6 days after viral infec- 
tion, die dose inducing 50% cell death 
(ID50) was less than 2 ptu/celJ in che 
majority of the cell lines, as assessed by 
3-(4 1 5-dimechylthiazol-2'-yl)-5-0-car- 
b oxymethoxy phenyl) -2 -(4-sulfophcnyl)- 
21-I-tetrazolium (MTS) assay (Fig. 1, D). 
As expected, prctrcatment with Rb pro- 
tein resulted in rescue of the viability of 
Deltft-24-RGD-infectcd cells that was due 
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to die restriction of an efficient replication 
phenocypc (Fig. I , E and F; Supplementary 
Fig, 3, B f available online). 

The pathway*- involved in adenovirus- 
mediated cell death remain unclear, 
Here, wc showed that Ddtn-24-RGD 
induced che formation of acidic vesicular 
organelles in the four cell lines (/^.OOl) 
(Fig. 2, A; Supplementary Fig, 4, A, 
nvnilablc online). The Delcn-24-RGD- 
induced acidic vesicular organelles 
were farther confirmed by the dramatic 
change in the ratio of the cytosolic 
1,C3-I to membrane-bound 
(Supplementary Fig. 4, B, available 
online), » modification that is essential 
for the formation of autophagosomes 
(16), in the treated cells. Thusfc darn were 
consistent with a previous report show- 
ing adenovirus-induced autophagy in two 
established glioma ceil lines (17). The 
observation of increased levels of bio- 
chemical markers and cellular acidic 
vesicular organelles was strongly sup- 
ported hy the direct demonstration of 
cytoplasmic autophagic vacuoles in cells 
treated with Deka-24-RGD using elec- 
tron microscopy (Fig. 2, B). To examine 
the activation of proavtophagic signaling 
by Delta-24-RGD infection, we first 
examined the protein levels of beclinl, a 
type III PI3 kinaae-interncting protein 
that participates in the induction of 
autophagy (18). Western blot analyses 
showed no differences in the levels of 
beclin 1 in treated versus untf eated 
cells (Supplementary Fig. 4, B, avoilnblc 
online). Wc next analyzed the protein 
levels of AtgS, a key molecule in the con- 
version of LC3-I to -II and therefore 
required for autophagoaome forma ci on 
and autophagic cell death (19), during 
the Dclta-24-RGD replication cycle, 
Wc observed a remarkable induction of 
endogenous Acg5 expression that was 
noticeable by 46 hours after treatment 
and was increased by six- to eightfold 72 
hours after the treatment, the latest time 
point examined (Fig* 2, C; Supplementary 
Fig. 4, B, available online). The timing of 
Atg5 expression suggested that activation 
might link Delta-24-RGn-mediated cell 
lysis to autophagic cell death- 

We next examined the anti-tumor 
efficacy of Delu-24-RGD in intracranial 
xenografts that were derived from 
MDNSC11 cells in athymic mice. The 



mean survival time of control-treated 
MDNSC 1 1 -glioma-bearing mice was 
38.5 days (95% confidence interval [GTJ - 
3 5.6 to 41.4 day*), in contrast to a mean 
survival time of 66.3 days (95% CI * 55.2 
to 77.3 days, the largest observed analysis 
time is censored, the mean is underesti- 
mated) in mice treated with Delta-24- 
RGD (difference = 27. 0 days, 95% CI - 
19.5 to 35.9 days; P<.001) (Fig. 2, D) 
with two of eight (25%) mice remaining 
alive without noticeable neurologic 
deficits until they were killed at day 92 
(Fig. 2, D). Microscopic examination of 
the brain tissues of control mice widi 
MDNSC11 xenografts revealed highly 
infiltrative tumors that recapitulated 
the hi.itopathology of glioblastomas 
including hypereellularity, hypervascu- 
larity, and necrotic areas surrounded by 
cells in a pscudopalisading distribution 
(Supplementary Fig. 2, available online). 
Immunohistochcmical staining of the 
curnor from the Delta-24-RGD^trcaccd 
group revealed the expression of E1A 
and hexon indicating efficient adeno- 
viral infection and replication in vivo 
(Supplementary Fig. 5, available online). 
Importantly, immunofluorescence analy- 
ses identified high levels of expression of 
the pvoavtophagic protein Atg5 (Fig. 2, 
E). Atg5 colocaliKed with fiber protein 
and displayed a pattern of expression that 
clearly defined a tumor zone immediately 
adjacent to the necrosis area (Fig. 2, E). 
No other area in the tumor or any area 
of untreated tumors was positive for 
A-tg5 (data not shown). Therefore, Atg5 
appears to be useful to identify the ade- 
noviral wave front of spread and may be 
used as n cellular indicator of viral activ- 
ity and a surrogate marker of the anti- 
gliomn effect. 

In summary, our results show for the 
first time, to our knowledge, that brnin 
tumor stem cells are susceptible to ade- 
novirus-mediated cell death via autopha- 
ghy in vitro and in vivo, Our data are 
important because brain tumor stem cells 
are the driving force sustaining tumor 
growth (1,3), and therefore developing 
therapies to target the brain tumor stem 
cells should be a mare effective strategy 
than conventional treatments. We re- 
ported previously that Delca-24-RGD 
displays efficacious anti-glioma activity in 
the models based on established malig- 



CONTEXT AND CAVEATS 
Prior knowledge 

To achieve long-term remission after treat- 
ment for brain cancer, It la necessary to 
eradicate brain tumor stem cells that are 
resistant to radiation and chemotherapy, 

Study design 

The therapeutic potential of oncolytic ade- 
novirus Delta-24-RGD targeted to brain 
tumor cells was tested In vitro using cell 
lines with stem cell properties that were 
derived from g No bestoma m ultlforme 
tumors end in vivo using a mouse xeno^ 
graft tumor model. 

Contribution 

The four call lines were efficiently Infected 
with an oncolytic adenovirus Delta-24- 
RGD, which induced autophagic cell death. 
Mice carrying xenograft tumors that were 
derived from one of the cell lines survived 
longer after treatment with Delts-24-RGD 
than with an Inactivated form of the 
virus. 

Implications 

Adenovlrua-medlated autophagic cell death 
can be induced In brain tumor cells with 
properties of stem cells. 

Limitations 

It la unclear how similar the cell lines devel- 
oped in this study are to the brain tumor 
stem cella that exist in human brain cancer 
or whether the oncolytic adenovirus devel- 
oped In this study would be efficacious and 
safe in humans. 



nanr. glioma cell lines (9). Together, our 
previous study and this study indicate 
that Delta-24-RGD efficiently eliminated 
both brain tumor stem cells and tumor 
mass cell populations in gliomas. An 
alternative theory to the cancer seem cell 
model hypothesizes that mutant dediffer- 
entiated astrocytes arc responsible for the 
emergence and phenotype of high-grade 
gliomas (20), Nevertheless, despite the 
origin of these nimor-iniriacing cells, die 
resulting phenotype of the enncer cell is 
probably similar (20), and the universal 
disruption of the Rb pathway renders 
chem susceptible to Delta-24-RGD 
(Fig, 1* Bj 8,9,20). Furthermore, the in viva 
assessment of adenovirus-induced auto- 
phagy may be a useful way to monitor 
oncolytic adenovirus efficacy in future 
clinical trials. 
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Fig. 1, DGlTB-24-RGD-rnediBted cytotoxicity in coll Hnes with proportion 
of brain twmor Bterm cello, A) Naurosphere culture* were established 
from acute cell dissociation 0 f four human glioblastoma multiforme 
surgical specimens (2,3) and melntalned In Dulbecco'a modified Eagle 
medium/F12 medium supplemented with B27 (Invltrogen, Carlsbad, 
CA), epidermal growth factor, and basic fibroblast growth factor (20 ngf 
mL each, Slgme-Aldrlch, St Louie, MO) according to the procedures 
described elsewhere (2,3). The study WOO approved by the Institutional 
Review Board at University of Texas M. D. Anderson Cancer Center. 
Written informed consent was obtained from every patient Shown ere 
results from one representative of four experiments. Loft, representa- 
tive Imega of formation of typical neuroaphares In MONSC18 culture*, 
phase-bright mlcrophotograph. Right, CD133 expression in MDNSClfi 
cells. The coMs were diseoolatod by exposure to sccutaao solution 
(Slgme-Aldrlch) and pipetting and stained with monoclonal antibody 
specific for CD133 (1:10 dilution; MHtenyi Hiotec, Auburn, CA) and then 
with fluorescein laoihlocyanato (FITCj-labelad secondary antibody 
(anti-mouse IgG, 1 100 dilution; Santa Cruz Biotechnology, Santa Cm*, 
CA) according to the Instructions provided by the manufacturer. After 
staining, the cells were analyzed by flow cytometry for cell surface 
expression Of CD133 with FacsCalibur (Becton Dickinson, San Jose, 
CA). B) Expression of Rb protein (pRb) and plfliNMs (p16j protein In 
the call Ilne9. Normal human astrocytes (NHAa) were purchased from 
Combrex Bio Sclonce Walkerevllle, Inc (Wslkerevltle, MD) and main- 
tained In astrocyte growth medium prepared from an AGM-Aatroctye 
Medium BulletKit (Cambrex Bio Science Walkeraville, Inc) as instructed 
by iha manufacturer. Western blots were performed as described previ- 
ously (9). Briefly, Bqual amount of proteins from whole-cell lysates were 
separated by 8% (pRb) or 16% (pi 8) sodium dodecyl sulfate-polyacryl- 
amlde gel electrophoresis, electrophoreTlcelly transferred to nitrocellu- 
lose membranes, and the membranes were probed with rabbit 
polyclonal entl-pRb (1:200 dilution), goat polyglonal entl-p16INK4a 
(1 ; 100 dilution), goat polyclonal untl-OCtln (1:1000 dilution) (Santa CfUX 
Biotechnology), and mouse monoclonal snti-a-tubulin (1 ;40QO dilution: 
Slgma-Atdrlch). The protein-antibody complexeB were visualized using 
The enhanced chemiluminescence waatern blotting detection system 
(Amersham Pharmacia Biotech, Plscstewey. NJ). a-tubulln and actln 
were used bb loading controls. One representative experiment of two la 
shown, C) Flow cytometric analysis of ov|J3, «v(15 integrlna end cox- 
aackio-adenovlruB receptor (CAR) expression In the cell Hnea. The anal- 
ysis was performed as described previously (9). Dissociated cells (5 x 
10 g ) wore stained with rnousB monoclonal anil-«vG3 (1:200 dilution; 
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pfu/cell 

Chamicon International, lnc f Temecula, CA), anti-avps (1 :400 dilution; 
Chemicon International, inc), or entJ-CAR (1:2000 dilution; Upstate 
Biotechnology, Lake Placid, NY) end than with FITC-labelad secondary 
emlbody gostentl-mouse IgG (1 ?lOOdilutlon, Santa Cruz Biotechnology). 
The stained cells were analyzed with flow cytometry for cell surface 
expression of viral receptors using a FacsCalibur flow cytometBr 
(Becton Dickinson). Three Independent experiments were performed, 
Date ere shown as the mean (and 96% confidence Intervale [Cla]) per- 
centage of cells expressing the receptors. D) Cytotoxicity Induced by 
Delts-24-RGD In the coll Hnes. The cells were dissociated and plated In 
98-well plates at 2 x 10* cells per well and were Immediately infected 
with DeltB-24-RGD at the indicated doaea. Six days after Infection, cells 
were dissociated with accutese aolutlon (400-600 U/mL, Slgma-Aldrlch) 
and by pipetting before cell viability was assessed using the MTS assay 
according to the manufacturer's instructions (Promege Life Science, 
Madison, Ml). The experiments were performed once In triplicate. Data 
are shown as mean (and 95% CIs) percentage of viable cells relative CO 
that of mock-treated calls (equal to 100%). E) Effect of pRb restoration 
on the Delta-24-RGD-medieted cytotoxicity in MDNSC23 cells. The cells 
were Infected with replication-deficient adenovirus expressing Rb pro- 
tein, AdRb, or the control E1A-deleted virus AdCMV at 160 pfu/cell, as 
previously reported 19). Forty-eight hours later, cells were plated (2 x 
10* per well) In 90-well plates and Infected Wrth Delte-24-RGD or wild- 
type adenovirus (Adwt) at the Indicated doses. Six days later, cell viabil- 
ity was determined using the MTS assay aa described in (D), The 
experiments were performed once in triplicate. Data are shown as the 
mean (and 96% Cla) percentage of viable cells relative to that of mock- 
treated cella (equal to 100%). At viral dosages of 2 end 8 pfu/cell, the 
Rb-medifited rescue of the cytotoxicity induced by Delta-24-RGD treat- 
ment Is statistically significantly greater than the fib-mediated rescue In 
cells treated with Adwt <*P= .01, #P» .03, two-tailed Student/a Meat). 
F) Effect of pRb restoration on the replication of DaKa-24-RGD In 
MDNSC23. Cells were Infected with Adflb or control virus AdCMV at 
150 pfuVcell, as described in (E). Forty-eight hours later, the cells were 
Infected with Delta-24»RGD or Adwt at 1 pfu/cell. The titers of the viral 
progenies were determined 72 hours after viral Infection using the tis- 
sue culture infection doee H method, as described previously (9)- Shown 
are Che titers of viral progenies from 1 m 10 1 calls In 1 mL Infected with 
the Indicated viruses. The experiments were performed once in tripli- 
cate. Means (and 96% CIs) are shown. The Hb-modlated restriction on 
Deite-24-RGD replication is ststlatlcally significantly greater than that 
on Adwt in MDNSC23 calls {+P= .009, two-tailed Student's f-tBst). 
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Fig. JL Examination of The In vitro and In vivo Dalta-24-fiGD-lnduced 
autophagy. A) Induction of acidic vesicular organelles (AVOa) by Delte- 
24-RGD In cell lines with properties Of brain tumor Stern colli, Spheroids 
were dissociated and Immediately infected with the Indicated virus at 10 
pfu/cell. Seventy-two hours later cells wore dissociated 2 hours before 
acridlne orange dug/mL; Slgma-Aldrich> was added to tha medium for 
16 minutes. Percentage of cells presenting the formation of AVOs were 
quantified by flow cytometry na previously described (17). AdCMV was 
used as a control for the viral Infection. Note that Dslta-24-RGD Induced 
a statistically slgnlflcsnt Increase of the percentage of AVO-posltlve calls 
In all call lines tested compared with AdCMV (moons: 26,6% versus 6.1%. 
difference ■ 19.7%, 95% confidence interval - 15.0% to 24,3%, Fk.001, 
randomized block two-factor snalysls of vsrlonoe). B) Representative 
electron micrographs showing the ultrestructure of the mock-Infected (a) 
and Delta-24-RGD-rnfected (b) MDN5C11 ceils. Note tha vacuoles in the 
virus-Infected cells but not In the untreated cells. Close-ups of Delte-24- 
RGD-infected cell illustrated in b show the cluster of the progenies of 
Daita-24-RGD (white arrow) in the nucleus \c) and complex autophagic 
multivacuolar bodies In the cytoplasm (d). Representative images from 
20 calls are shown. C) Kinetics of Atg12-Atg5 protein expression during 
Delta-24-RGD Infection. MDNSC11 cells were collected at the Indicated 
time points after Delta-24-RGD infection, and equal amounts of proteins 
were separated by 10% sodium dodecyl suifoto-Dolyacrylernide gel 
Blactrophorasls. Protelna ware electrophoreilcslly transferred to nitrocel- 
lulose membranes, end the membranes ware probed with rabbit poly- 
clonal nntl-AtgG (1:2000 dilution; a Wnd gift from Or N. Mkushlms, 
National Institute far Basic Biology, Japan) snd goat polyclonal antl- 
ectln Bntlbodles, Tho protBin-antlbody complexes were vlauelizod as 
described (In Fig. 1. B). Actln was used as d loading control. Dats from 



one representative experiment of two ore shown. D) Kaplon-Moler 
curves of overall survival of Defta-24-RG [Rested (n - 6) snd UVMnactl- 
vated IUVI) Delte-24-RGCMreated (n - 6) athymlc mice with MDNSC11 
Intracranial xenografts. Cells (1.0 « 10*) were grafted Into tho caudate 
nucleus of The athymic mice using e guide-screw system ee previously 
described (9). On days 7. 9. and 11 after tumor cell Implantation, mloa 
were Intratumorally injected with 10 pLof Delta-24-RGD or UVI-Delte-24- 
RGD (2.6 x 10* pfu). Survival In the two treatment groups wee compered 
using the lag-rank teat (two-sided). All mouse studies were performed In 
the veterinary facilities of University of Texas M. a Anderson Cancer 
Center In sccordance with Institutions!, state, and federal laws snd ethics 
guidelines for experimental animal cere. £) Viral replication and autoph- 
agy In vivo. Immunofluorescence analysis of viral fiber Bnd AtgB pro- 
teins expression In the brain of a mouse from the study represented In 
(D> that was treated with Delta-24-RGD and died 59 days after implanta- 
tion. The paraffin-embedded section of the mouse brain wss double 
immunostalned with mouse monoclone! antibodies specific for adeno- 
viral fiber protein (402, 1 ;500 dilution; Lab Vision, Fremont, CA) (a) or 
rabbit polyclonal Aigfi (1:200 dilution) (b) and then with Texas Red 
(fiber)- or Alexa Ruor 486 (Atg5)-conJugeted secondary antibodies 
(1 : BOO dilution; Moleculor Probes, Inc. Eugene! OR). Fluorescence stain- 
ing for fiber end AtgB ware merged and 4',6-dlBmldlno-2-phanyllndole. 
dlhydrochlorlde (DAPI) staining was used to visualize the cell nuclei (c). 
Expression of both proteins was positive (double-headed arrow! within 
the tumor (T) surrounding necrotic areas (Nl. Note, In S close-up of (c), 
that the viral and the cellular protein are localized in the same cells, 
around the cells thst exhibit vl rally Induced necrosis (d), Thesa sro the 
representative Images from tha brains of two mice treated with 
□elia-24~RGD. 
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to arming oncolytic viruses with therapeutic genes 
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Oncolytic viruses are attractive therapeutics for cancer because they selectively amplify, through replication and spread, the input 
dose of virus in the target tumor. To date, clinical trials have demonstrated marked safety but have not realized their theoretical 
efficacy potential. In this review, we consider the potential of armed therapeutic viruses, whose lytic potential is enhanced by 
genetically engineered therapeutic transgene expression from the virus, as potential vehicles to increase the potency of these agents. 
Several classes of therapeutic genes are outlined, and potential synergies and hurdles to their delivery from replicating viruses are 
discussed. 

Cancer Gene Therapy (2002) 9, 1022-1035 doi:1 0.1 038/sj.cgt.7700542 
Keywords: oncolytic virus; armed therapeutic virus; gene therapy; cancer 



Tumor- selective, replication -competent oncolytic vi- 
ruses offer several unique features as cancer therapeu- 
tics. First, the input dose is amplified in a tumor- dependent 
fashion. Consequently, even if only a small proportion of the 
input dose infects some of the target tumor cells, this 
infective dose should be capable of replicating in and 
eliminating neoplastic cells, using successive waves of 
replication and lysis until the tumor mass is completely 
destroyed. Importantly, these tumor- selective replication 
competent viruses spare normal tissue. Because replication - 
selective oncolytic viruses do not replicate efficiently in 
normal cells, the associated toxicities should be low. This 
property will become critical for systemic viral delivery to 
treat metastatic disease. Low toxicity creates an opportunity 
for the investigator to increase the dose of the therapeutic 
virus to overcome losses associated with nonspecific uptake 
or neutralization due to specific (e.g., antibodies) and 
nonspecific (e.g., albumin) factors. With their capacity to be 
carried passively throughout the body via the blood or lymph 
circulatory systems, these agents should be able to reach, 
infect, and similarly eliminate all metastatic lesions. These 
replication -competent, tumor- specific oncolytic viruses 
offer hope in the daunting field of cancer therapy. 

A number of replication- competent, tumor -selective 
oncolytic viruses have entered the clinic. Clinical experi- 
ences show that these agents are safe, but are not potent 
enough as monotherapies to effect complete tumor regres- 
sions or to generate sustained clinical responses. Insufficient 
or inefficient infection of tumor cells is generally observed. 
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Three strategies are being pursued to overcome this weak- 
ness. One is to create less attenuated (more potent) viruses 
either through use of alternative viruses or by employing 
alternative, less attenuating, mechanisms for restricting 
replication to tumor cells. 1 3 The second is to employ 
additional cytotoxic mechanisms, beyond the direct lytic 
functions of the virus, by arming these viruses with 
therapeutic genes. 4 Particularly attractive in this context are 
those cytotoxic mechanisms with potent bystander effects 
capable of eliminating tumor cells that the virus cannot 
reach. And the third is to combine the oncolytic viral therapy 
with the more traditional radiotherapy and/or chemotherapy, 
with which viro therapies often synergize. 5 

This review will summarize current clinical results with 
replication -selective oncolytic viruses (Table 1). We will 
examine gene therapy strategies using nonreplicating viral 
vectors, as these inform current strategies for improving 
oncolytic therapies. Particular focus will be given to 
strategies for arming oncolytic viruses with therapeutic 
genes capable of eliciting antitumor immune function, 
inhibition of tumor neovascularization, or prodrug activa- 
tion. Through synergistic combination of several cytotoxic 
modalities (viral lysis, immune or antiangiogenic function, 
surgery and /or chemo- and radiotherapy), therapies capable 
of eradicating tumors may be generated. 

Oncolytic viruses 

Since the early 1 900s, reports of tumor regression correlating 
with either viral vaccination or infection have peaked interest 
in the oncolytic potential of viruses. The first clinical trial of 
replicating viruses (using wild -type adenoviruses) was done 
in 1956. 6 There are suggestions of efficacy in the results of 
that trial, but lack of understanding of both the disease and 
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the viral therapeutic agent prevented the development of this 
oncolytic system. Since then, several replication -selective 
oncolytic viruses have been tested extensively in the clinic: 
ONYX-015, Ad5-CD/TKrep, and CV787 and CV706 (all 
Ad5-derived); 1716 and G207 (both HSV- 1- derived); and 
PV701 and MTH-68/H (Newcastle disease viruses). 7 " 14 In 
the clinical setting, these viruses have been administered by 
many routes: intratumoral, intravenous, intracranial, and 
intraperitoneal. Safety has been consistently high, toxicity 
very low, and only in the case of PV701 has a maximum 
tolerated dose (MTD) been established. 12 Hundreds of 
courses of virotherapy have been given with no adverse 
events attributable to the virotherapy itself For instance, 
one patient has received over 30 courses of PV701. 12 
Especially encouraging is the observation that where 
preexisting and acquired neutralizing antibodies to these 
oncolytic agents have been demonstrated, there has been no 
correlation between these titers and efficacy. 5 ' I2>1 ^ 

To date, however, the clinical experience of these single - 
agent therapies has fallen short of their theoretical promise. 
In a few cases, full and relatively durable (up to 31 months) 
cures have been achieved. 12 However, most patients have not 
experienced measurable regressions. With ONYX-015, the 
replication -selective oncolytic virus that has been most 
extensively tested and optimized in the clinic, only 14% of 
patients showed objective responses due to treatment. 9 Ad- 
ditionally, maintenance of regressions required continuous 
dosing. Once virotherapy was discontinued, patients suffered 
early relapses. However, the patients in these trials (mostly 
Phase 1) had failed multiple previous treatments, including 
surgery, chemo-, and radiotherapies and, consequently, it is 
commendable and encouraging in these early trials that even 
14% of this group responded. However, the distance between 
the promise of complete and durable tumor eradication by 
the oncolytic virus, and the results outlined point to a need 
for improved virotherapy if this is to become a viable 
treatment for cancer patients in the clinic. In this review, we 
will examine strategies to increase the efficacy of oncolytic 
virotherapy through the addition of therapeutic transgenes 
to generate what have been termed "armed therapeutic 
viruses", 4 focusing on therapeutic genes currently being 
used in nonreplicating and replicating viral -based cancer 
gene therapies and the methods to control their expression in 
the context of the replicating virus. The potential synergies 
and challenges these therapeutic agents may hold for a 
replication -dependent viral -based therapy will also be 
discussed. 



Armed therapeutic viruses 

The experience of the oncologist in the clinic and our clearer 
understanding of the complexity and plasticity of human 
solid tumors dictate that combination therapies will need to 
be employed to generate effective, durable responses for the 
cancer patient. Armed therapeutic viruses that couple the 
lytic capability of the virus with the capacity to deliver 
therapeutic factors (armed therapeutic viruses 4 ) to more 
effectively attack the complexity associated with human 
tumors, 16 then, is a natural evolution of the oncolytic virus - 



based therapy. This approach takes advantage of the vi- 
ruses' ability to selectively replicate and spread in the tumor 
mass to safely and efficiently deliver therapeutic genes to 
target tissues where the therapeutic gene products can ac- 
cumulate at times and to levels that afford maximal patient 
benefit. Choosing the appropriate gene(s) with which to 
arm the oncolytic virus to enable it to arrest or eradicate the 
highly plastic, rapidly evolving tumor is a major question 
that has no simple answers. As a starting point it will be 
important to consider the potential interactions of the 
therapeutic factors with the viral -based therapies as a 
starting point. Several classes of gene therapy -based 
therapeutics have been traditionally associated with non- 
replicating viral -based gene delivery vehicles (antionco- 
genes, tumor suppressor genes, prodrug -converting 
enzymes, antiangiogenic, and immunology -based gene 
therapies). We will briefly review these "genetic pay loads," 
examining the different factors as candidates for delivery 
from the oncolytic virus and potential issues surrounding 
each. 



Tumor suppressors and antioncogenes 
as therapeutic transgenes 

The study of cancer molecular biology has led to the 
discovery of a large variety of oncogenes and tumor 
suppressors whose aberrant expression or function causes 
oncogenic transformation. Numerous preclinical studies 
using replication -defective viruses have shown that restora- 
tion of tumor suppressor function, or inhibition of oncogene 
function, slows tumor growth and /or leads to apoptosis or 
cancer cell death. The theoretical bases for these viro thera- 
pies have been reviewed recently in several articles. One 
disadvantage of virotherapy strategies based on oncogene 
inhibition stems from the fact that only infected cells in 
which the transgene is expressed are killed. No bystander 
effects due to oncogene inhibition have been observed, i.e., 
uninfected tumor cells are not killed. Current virotherapy 
vectors are not efficient enough to insure infection of even 
the majority — much less all — of the tumor cells, even 
after intratumoral injection. 

A second disadvantage of using oncogene inhibitors or 
tumor suppressors to arm replication -competent oncolytic 
viruses is that the action of the inhibitors and suppressors, 
while toxic to the target tumor cell, is also likely to attenuate 
viral replication. 20 It may be that restraining expression of 
the oncogene inhibitor or tumor suppressor therapeutic 
transgene until late in the viral life cycle, when viral 
replication is essentially complete, would avoid this 
counterproductive conflict. 4 

A third possible interference between this class of 
therapeutic transgenes and the replicating vector encoding 
them stems from the fact that tumor suppressors and 
oncogene inhibitors generally affect a number of pathways 
in the cell, any of which may compromise the engineered or 
endogenous tumor selectivity mechanism of the oncolytic 
virus or the viruses' ability to replicate in the target tumor 
cell. The former would be detrimental to safety, and the latter 
to efficacy. 
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However, therapies based on expression of tumor 
suppressors may be more effective than has been predicted 
based on their known mechanisms of action. For example, 
p53 gene transfer studies have unexpectedly demonstrated 
that the expression of p53 can trigger a number of events to 
generate beneficial bystander effects, 21 23 any or all of 
which may synergize with the viral infection. More recently, 
investigators engineered the p53 gene into a replicating 
adenovirus from which it was expressed to high levels at late 
times postinfection. Surprisingly, this virus demonstrated 
enhanced preferential lysis of tumor cells to the exclusion of 
normal cells. 24 The ability of antioncogenes to synergize 
with the viral infection remains to be tested. 



Prodrug therapies 

The efficacy of traditional chemotherapies has been ham- 
pered by dose- limiting toxicities to normal cells. Prodrug 
therapies seek to reduce this toxicity by selectively gen- 
erating the chemotherapeutic agent at the target tumor site. 
Such prodrug -based cancer therapies have two basic com- 
ponents: an inactive, nontoxic prodrug and a prodrug - 
activating enzyme (for a recent list, please see Ref. [15]). 
In this anticancer strategy, the prodrug can (ideally) be 
delivered systemically at high doses. The prodrug only be- 
comes cytotoxic when activated by the appropriate enzyme. 
If the activating enzyme is expressed exclusively in tumor 
cells, then the prodrug will be activated, or become cy- 
totoxic, only at the site of the target cancer cell. Ideally, once 
activated, the chemotherapeutic drug leaves the cell in an 
activated cytotoxic form to kill surrounding tumor cells 
(local bystander effect). Such bystander effects are par- 
ticularly important to compensate for the inefficient infec- 
tion and transduction of tumor cells by currently available 
vectors. Preclinical demonstrations of bystander effects 
using various prodrug and activating enzyme combinations 
have been published. In these studies, tumors composed of 
as few as 10% of prodrug- expressing cells were fully era- 
dicated, whereas control tumors were not. 2:> ' 26 However, the 
activated drugs' range would ideally be limited enough to 
restrict it from traveling into and damaging normal tissues. In 
other words, the active drug should have local bystander 
effect, but very limited or no distal bystander effect. 27 

To try to ensure tumor cell- specific expression of the 
prodrug - activating enzymes, investigators have employed a 
number of methods including 1) intratumoral delivery, 2) 
tissue- or tumor -specific promoters (e.g., PSA, probasin), 
and 3) engineering of the relevant transgenes into repli- 
cation-competent, tumor- selective viral systems under the 
control of the HCMV promoter 28 or under the control of a 
native viral promoter. 29 Whereas prodrug -based therapies 
have been administered using a variety of vectors into 
various cancers, these therapies have not generated mean- 
ingful benefit in the clinical setting, presumably due to the 
poor distribution of the replication -defective viruses used as 
delivery vehicles. 30 If this is the limitation to these the- 
rapies, replication -competent oncolytic viruses encoding 
prodrug - activating enzymes may prove to be highly ef- 
fective as they have been shown to increase levels and 



distribution of genomically encoded factors over replica- 
tion-defective viruses. 31 

Thymidine kinase (TK) and cytosine deaminase (CD) 
and their respective prodrugs [ganciclovir (GCV) and 5- 
flourocytosine (5-FC), respectively] are the most advanced 
of the prodrug - based therapies. Most recently, a gene fusion 
of CD/TK was engineered into a replication -competent, 
tumor- selective adenovirus and tested in a Phase I clinical 
trial on locally injectable prostatic tumors. The CD/TK 
fusion enzyme is a promising improvement for the oncolytic 
adenovirus because it saves genomic space, which is limited 
in adenovirus, without losing function. 32 In a 14 -patient 
prostate cancer study, the virus was administered to the 
patients and, 2 days postinjection, the patients were given 
GCV and 5-FC, with the GCV and 5-FC dosing continuing 
for a total of 7 days. Two of 14 patients experienced full 
tumor regression, and an additional four patients had partial 
regressions (25-80% reduction in PSA levels). No dose- 
limiting toxicities were observed, and an MTD could not be 
reached. 28 These early trials indicate that this treatment, once 
optimized, may be both effective and safe. 

Despite the encouraging initial data, prodrugs whose 
activated form interferes with DNA replication have been 
shown to limit the ability of the virus to continue to replicate 
and spread in the tumor. 33 ' 34 These reductions in viral burst 
size mitigate the cytolytic potential of these viruses and 
potentially compromise the full utility of this approach. To 
avoid interference between the therapeutic effects of direct 
viral lysis and drug-induced cytotoxicity, other prodrugs less 
toxic to the virus or more optimized dosing schedules will 
need to be developed. If this can be achieved, these 
virotherapies should be able to build upon the already 
encouraging clinical data being generated around combina- 
tion therapies with the virus and chemotherapy. 5 As this 
approach should result in reduced systemic toxicities 
normally associated with chemotherapy, this treatment may 
also be combined with other treatment modalities such as 
radiotherapy or immunotherapy. Much current evidence 
indicates that combined modalities are considerably more 
successful in fighting cancer than any of the component 
monotherapies. 5 ' 26,32,34 40 

Antiangiogenic therapies 

Unchecked cell proliferation is a hallmark of human cancers. 
The continued growth of the tumor, however, is dependent 
upon an adequate supply of oxygen and nutrients from the 
blood. 41,42 When tumor growth exceeds the normal blood 
supply to a tissue or organ, new blood vessel formation must 
be stimulated from surrounding existing vessels to support 
continued tumor growth. This process, termed tumor neo- 
vascularization (a special form of angiogenesis), consists of 
multiple steps and includes local degradation of the capillary 
basement membrane, recruitment and proliferation of 
endothelial cells, and remodeling and formation of a network 
of new blood vessels. 

Tumor neovascularization is an appealing target for cancer 
therapeutics for several reasons. First, because neovascula- 
rization or angiogenesis is a necessity for tumor growth, 
antiangiogenics could be applied to any solid tumor, regard- 



Cancer Gene Therapy 



Armed therapeutic viruses 
TW Hermiston and I Kuhn 



1028 

less of origin and independent of whether it is primary or 
metastatic disease. Second, because many of the angioge- 
nesis inhibitors are "natural" (endogenous, nonsynthetic), 
these may be well tolerated by the patient in contrast to 
traditional chemotherapeutics or small molecules, for exam- 
ple. 43,44 Third, the target proliferating tumor endothelium 
differs significantly from the normal vascular endothelium in 
the adult. These differences range from proliferation rates 
(the normal vascular endothelium is quiescent in the adult, 
with turnover times measured in hundreds of days 45 ) to gene 
expression profiles. 46 These differences offer potentially 
valuable targets for therapeutic intervention (see below). 
Lastly, resistance to angiogenesis inhibitors is less likely to 
occur. Genetic instability is one of the trademarks of the 
cancerous cell and is the mechanism responsible for 
acquisition of drug resistance in cancer cells. In contrast to 
the cancer cell, the target of angiogenic therapy is a normal, 
genetically stable endothelial cell stimulated to proliferate 
and migrate in response to angiogenic stimulus from the 
tumor. With its genetic stability still intact, the normal 
endothelial cell is less likely to acquire a mutation conveying 
therapeutic resistance. Consequently, the development of 
angiogenesis inhibitors, or inhibitors of tumor neovascula- 
rization, has become a broad and active area of cancer 
research (for recent reviews, see Refs. [47-49]). 

More than 40 "natural" (endogenous, nonsynthetic) inhi- 
bitors of angiogenesis have been discovered and charac- 
terized. 48 The development of these inhibitors as therapeutic 
agents, however, has been hampered by several factors 
including manufacturing difficulties, and stability and solu- 
bility issues. In addition, the majority of these agents are 
not directly cytotoxic to tumor cells and so it is likely that 
these angiogenesis inhibitors would need to be expressed 
on a continuous basis. Gene therapy offers one potential 
avenue to address many of these issues. The finding that 
susceptibility to angiogenesis inhibitors can vary by tumor 
stage 50 and the recent disappointments of antiangiogenic 
matrix metalloproteinase inhibitors in the clinic 51 have 
caused investigators to begin to turn their attention to sys- 
tems where angiogenesis inhibitors can be combined with 
standard or experimental cancer therapies. 52 ' 53 In addition, 
more aggressive antiangiogenic therapies have begun to 
evolve in which investigators are developing systems to 
proactively eradicate the neo vasculature 54 - 55 in contrast 
to arresting its growth. Consequently, it is timely to consider 
inhibitors of angiogenesis in the context of armed thera- 
peutic viruses (oncolytic viruses encoding therapeutic 
transgenes). To date, however, replicating viruses encoding 
antiangiogenic therapeutic genes have not been reported. 



Immunotherapy 

The immune system is a complex mixture of effector 
molecules and cells that interact with one another to monitor 
and maintain the health of the host. Harnessing and targeting 
this potential into an effective therapy that selectively recog- 
nizes and eradicates the cancerous tissue remains a highly 
sought after, yet elusive, goal. Immunotherapy is based on 
the concept that there are differences between tumor cells 



and normal cells that can be detected by the immune system 
and can serve as targets for immune -mediated eradication of 
malignant disease. This is a very large and active field of 
gene therapy research and is at the center of the vast majority 
of the cancer gene therapy trials currently in the clinic. The 
use of cytokines, costimulatory molecules, and allogeneic 
major histocompatibility complex (MHC) molecules; the 
delivery of tumor antigens to dendritic cells (DCs); and the 
use of recombinant viruses expressing cancer antigens, alone 
or in combination with any of the previously described 
factors, all fall under this broad therapeutic umbrella directed 
at enhancing immune recognition, killing, and clearance of 
the target tumor cell. 

These various strategies are commonly dependent on 
antigen -presenting cells (APCs) and cytotoxic T lympho- 
cytes (CTLs). The APC is the sentinel for anomalies in the 
host. APCs include DCs, mononuclear- phagocytic cells, 
and activated B lymphocytes, with the DC serving as the 
target cell of choice for many cancer- based immunothera- 
pies. This is because DCs are the most potent of the APCs, 
having a high capacity for antigen uptake in their immature 
form and high levels of MHC class I and II molecules, 
costimulatory molecules (B7 -family), and adhesion mole- 
cules (ICAM-1, LFA-3, CDlla,c) in their mature form. 
These characteristics make them highly efficient at sampling 
the host environment, presenting antigen, and activating 
naive T cells. 56 " 61 In addition, methods for collecting and 
growing DCs from hematopoietic precursors have been 
described 58 62,63 and serve to increase their attractiveness as 
contributors in a therapeutic strategy. 

A robust antitumor CTL response has traditionally been 
the goal of the immunotherapy approach to cancer treat- 
ment. The value of the CTL stems from several factors. First, 
it is specific. Short peptides, 8-11 amino acids in length, 
derived from proteasome- digested intracellular proteins are 
shuttled into the endoplasmic reticulum (ER) by specialized 
transporters associated with antigen processing (TAP1 and 
TAP2) where they complex with MHC class I molecules. 
The MHC class I -peptide complex is consequently trans- 
ported to the cell surface where it is recognized by the T-cell 
receptor (TOR) of the CTL. In an oversimplification of a 
complex process, if the APC has appropriately directed the 
maturation of a CTL that specifically recognizes a tumor 
antigen, the CTL will act to destroy the cell by one of two 
pathways. In the first, the CTL, upon antigen recognition, 
releases perforin and granzyme B, the perforin acting to 
create pores in the target cell membrane, which the granzyme 
penetrates to trigger a caspase -mediated apoptotic cas- 
cade. 64 ' 65 An alternative pathway for CTL-mediated target 
cell killing involves a direct interaction between Fas ligand 
on the surface of the T lymphocyte and Fas receptor on the 
target cell, which also leads to caspase activation and apop- 
totic death of the target cell. 66 ' 67 The cell killing event, then, 
is independent of other cell types and is, theoretically, long- 
lived, reducing the chance for reoccurrence of the disease. 

How tumors evade recognition and clearance by these 
potent immune mechanisms remains controversial. De- 
tection of tumor antigen -reactive CD4^ and CD8 4 " T cells 
and antibodies directed against a wide variety of tumor - 
associated gene products in human patients who nonetheless 
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have measurable cancer adds to the evidence that, like many 
checkpoints to neoplastic disease, the immune response can 
be circumvented by the human tumor. 68 Consequently it is 
important to consider several points when immunostimula- 
tory factors and the immune system are considered in 
association with the replicating viral agent. First, tumor cells 
evade, manipulate, and proactively attack immune compo- 
nents in order to survive and proliferate. Evasion of the APC 
can take several forms. These range from tumor- associated 
factors that inhibit the differentiation, maturation, and /or 
function of DCs, e.g., VEGF, IL-6, M-CSF, IL-10, PGE 2 , 
and TGF-fi 69 ' 79 Decreased recognition (e.g., loss of MHC 
class I molecules, loss of peptide transporters, alterations in 
proteasome function), function (e.g., decreased levels of 
TCR signaling pathway proteins CD3(,, p56 lck , p59 Fyn , and 
impaired NF-k,B activation), lack of appropriate stimuli 
(tolerance, clonal deletion), or T-cell survival (e.g., Fas 
ligand, MUC-1, B7-H1) have all been described as tumor- 
based mechanisms to evade CTL- mediated eradication. 71 ~ 85 

These immune -evasive strategies are daunting, but viral 
infection may be a key to breaking immune tolerance of 
tumors. It has been proposed that cancer cells are not 
detected, or quickly become immunologically tolerated, 
because they are generally not presented to the immune 
system in a microenvironmeni that favors the activation of 
immune cells. An oncolytic virus, then, is an interesting 
system to consider as a vehicle to generate a systemic 
immune response to the target tumor. This is, in part, because 
it is clear that viruses are highly immunogenic, as measured 
by high levels of antibody and T cells responses described 
in the normal population for many of the viruses being 
considered for development of oncolytic viruses. This 
suggests that the viral infection has the ability to supply 
"danger" signals, thought necessary to attract and initiate the 
DC -mediated process of antigen uptake and presentation 
that ultimately, in theory, leads to the generation of the 
tumor- specific CTL response. This is the basis for the use of 
poxvirus -based vaccines for cancer therapy 86 that are now in 
various stages of clinical trials. Several oncolytic viruses of 
Ad and HSV origin are being engineered to encode 
immunostimulatory cytokines in an attempt to enhance their 
potential at eliciting a systemic immune response that 
complements the lytic function of the virus. 87 "" 91 

Oncolytic viruses may also break immune tolerance of 
tumors by reducing tumor burden (through viral lysis) to a 
point below which an anti- tumor immune response can be 
effective. Several studies have indicated that immune 
dysfunction can be correlated with total tumor burden. 32 ' 83 
An additional study has shown that the functional nature of 
the patient's immune response improved after deb u Iking 
surgery. 92 Taken together, these studies indicate that low- 
ering tumor burden through virus -induced cell death while 
stimulating antitumor immune response will increase the 
probability that a therapeutic systemic immune response will 
be elicited. Generating such a systemic immune response 
would be important to destroy metastatic disease. 

While theoretically very inviting and well supported by 
preclinical studies, the ability to harness the immune system 
to generate long-term therapeutic benefit to the patient has 
not been realized yet in the clinic. Objective responses have 
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been minimal and clear clinical benefit remains ques- 
tionable. It should be noted that unlike classical vaccine 
studies performed prophylactically on healthy subjects, gene 
therapy -based cancer vaccine trials are faced with the chal- 
lenge of generating an effective immune response to the 
target human tumor that has, by the time of its detection and 
the initiation of treatment, evolved in a variety of strategies 
to evade immune detection and eradication. Tt should also be 
noted that Phase 1 trials are conducted to determine the 
toxicity of the agent and are generally performed in late- 
stage patients who have failed chemotherapy, radiation the- 
rapy, and/ or surgery. This may not be an ideal population for 
many of the therapies that require a robust immune response. 
Tt is hoped that the safety of these agents might justify 
offering this treatment to early -stage patients, who are ex- 
pected to have a better c hance of mounting a strong immune - 
based defense and thereby benefiting from these therapies. 



Controlling therapeutic transgene expression from 
"armed" replicating oncolytic viruses 

While it is important to consider the therapeutic factors and 
how they may synergize with the oncolytic virus to maxi- 
mize therapeutic benefit, it is equally important to consider 
how 7 these factors will be genetically engineered into their 
respective viral genomes and how their expression will be 
controlled. While packaging of therapeutic genes is gene- 
rally not an issue for large viruses like HSV (nearly 50% of 
HSV genes are nonessential for viral replication 93 ) and 
vaccinia (where it is estimated that the virus may be able to 
package approximately 50 kb of foreign DNA 86 ), for smaller 
viruses like Ad, this is a considerable hurdle. For these 
viruses, gene delivery must be genomically economical. That 
is, consideration must be given to delivering as many the- 
rapeutic genes as possible from a genome that wall only 
stably accommodate, in the case of Ad, approximately 2 kb 
of additional DNA beyond the size of the normal genome. 94 
One strategy has been to generate multiple genes from a 
single transcript through the use of internal ribosome entry 
sites (IRESs), 95 - 96 which have been successfully employed 
in replicating viruses. 24 ' 33 A second strategy offered by the 
replicating virus is to use the endogenous viral gene ex- 
pression control machinery (promoter/ enhancer, polyade- 
nylation, and splice signals) to deliver transgenes and, where 
possible, to selectively replace an individual viral gene or 
genes with a therapeutic gene of choice. In this strategy, 
therapeutic transgene expression should follow the normal 
kinetics of the endogenous substituted gene. If the expres- 
sion kinetics of the individual sites is diverse, this should 
enable investigators to tailor their therapeutic gene expres- 
sion to levels and times they deem optimal to generate 
maximal therapeutic benefit. If these substitutions do not 
alter the remaining surrounding genes in a complex trans- 
cription unit and these genes are nonessential to the viral life 
cycle in the infected tumor cell, the investigator may be able 
to substitute the remaining genes with additional therapeutic 
genes. In this fashion, a combination of genes that target 
totally different aspects of tumor biology (e.g., prodrug - 
converting enzyme, immunostimulatory) could be incorpo- 
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rated into a single virus, synergizing with the inherent lytic 
property of the virus to attack the complexity of the tumor. 
This type of system has recently been described in the 
replicating Ad, 29 91 > 97,9 * developed in the nonessential, im- 
munoregulatory E3 region transcription unit. 

Native viral promoters offer several advantages as the 
transgene expression system in the armed therapeutic virus. 
For example, many of the mechanisms to derive tumor 
specificity are genetically engineered to be the earliest events 
( i.e., attachment, penetration, immediate early gene expres- 
sion) in the viral life cycle or are native to the virus. As the 
tumor- selective mechanism will dictate whether the viral life 
cycle is allowed to proceed, viral promoters whose expres- 
sion follows that gating event will not be expressed in a 
normal, nontumor cell. Linking therapeutic gene expression 
to the selectivity of the virus should restrict therapeutic gene 
expression to the target tumor and should exclude it from 
occurring in nontarget tissue. This is a very important con- 
sideration for a systemically administered oncolytic virus 
targeted at metastatic disease, where a wide array of cells 
may be exposed to the agent. Thus, a strategy using endo- 
genous late (in the viral life cycle) promoters offers a level of 
controlled expression in the oncolytic virus that would not be 
present if a constitutively active promoter (e.g., HCrvtV) 
were used. 

Native viral promoters may also offer well -characterized 
gene expression kinetics 29 - 91 ' 97 and native viral promoters 
are optimized for expression in the virally infected cell. With 
the correct choice of gene insertion sites, it has been shown 
that a replication -competent virus using a native unmodified 
viral promoter can achieve levels of therapeutic gene 
expression superior to those seen with the very strong 
HCMV promoter/ enhancer generated from a replication - 
incompetent agent. 91 

Tissue- or tumor- specific promoters are also possibilities 
to convey tumor- specific therapeutic gene expression to 
the oncolytic virus. However, it is important to note that 
viral attachment and penettation events have the potential to 
make the nontarget normal cell appear to be a cancer cell to 
the tissue- or tumor- specific promoter. For example, the Ad 
penton protein (essential for penetration of the virus fol- 
lowing attachment) interacts with a(v) integrins, and trig- 
gers PI 3 kinase activity. 93 The PI 3 kinases are considered an 
excellent target for cancer -based therapies because they 
initiate complex signaling cascades that mediate prolifer- 
ation, differentiation, chemotaxis, and survival. 94 - 97 ' 98 As 
this pathway is associated with cancer, it may affect a 
promoter's ability to discern whether the infected cell is 
"normal" or "tumor" in origin. This does not exclude 
using tissue- or tumor- specific promoters but will require 
careful examination of each promoter in the context of 
each individual virus for its specificity. 



Challenges for armed, replicating, oncolytic 
virus- based therapies 

The mechanisms of each of the various classes of gene- 
based therapeutics when used as monotherapies may be 
clear, but their potential interactions within the context of a 



replicating virus are not easily discerned. These interactions 
will either synergize to increase, or conflict to decrease, 
patient benefit. The actions of some therapeutic transgenes 
may synergize with one viral therapy, while interfering with 
another. Each combination therapy must be individually 
evaluated. For example, many of the gene -based therapeutic 
agents outlined previously in this review also have potential 
antiviral activities associated with them. In the case of the 
i mm uno stimulatory factors, it is not only a consideration of 
the factor and its effect on the viral infection. There is also 
potential for redundant expression because the normal viral 
infection itself may stimulate various immunostimulatory 
factors (e.g., cytokines and chemokines ). In this context, 
even if there is redundancy, the investigator will need to give 
careful consideration to the levels and duration of this effect 
before simply dismissing some of these seemingly over- 
lapping, or redundant, factors. As most of the prodrug - 
converting enzymes are targeted towards DNA integrity and 
replication, these factors and their incorporation into the 
viral genome would appear to be a significant challenge, 
requiring careful consideration of the dosing regimen or 
control of expression of these factors. In the case of 
antiangiogenic factors, consideration should be given to 
whether viral replication will be affected by growth in 
hypoxic cells. This is not to suggest that these challenges 
cannot be overcome. Instead, these examples are meant to 
facilitate thought and discussion on how to overcome these 
potential hurdles as these therapies make their way towards 
the clinic, and to point to the fact that each therapeutic will 
require considerable thought to maximize its potency in the 
tumor microenvironment in association with the replicating 
virus. 



Conclusion 

Human tumors are complex entities that continue to chal- 
lenge modern medicine to develop more effective cancer 
therapies. Replication -competent oncolytic viruses, either 
naturally occurring or genetically engineered, represent a 
new class of agents being developed and tested in the 
cIinical 3.8.io-i2,io U 02 and preclinical settings. 103 " 105 These 
agents, with their capacity to amplify their dose through 
replication at the target site, then spread within the tumor to 
lyse neoplastic cells and decrease the tumor burden, 
represent unique anticancer therapeutics. It is not clear from 
past studies or from our current understanding of various 
potential viral agents which virus (or viruses) will best fulfill 
the oncolytic goals of sustained replication, exquisite 
specificity, and robust lytic activity when administered to 
the human tumor. Consequently, new oncolytic agents based 
on virus types already in the clinic (e.g., Ad, HSV, Newcastle 
disease virus, reovirus) or through alternative viruses (e.g., 
measles, poliovirus, VSV, vaccinia) must be explored. To 
effectively deal with the complex, heterogeneous nature of 
the tumor pool, however, the therapeutic transgene expres- 
sion capacity of these viruses will likely also need to be 
developed. Armed therapeutic viruses, in which a therapeutic 
gene(s) is genetically engineered into the virus and 
dependent upon the continued selective replication of the 
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virus for expression, represent a very appealing tumor 
treatment and a novel opportunity to generate a single agent 
that can attack tumors at multiple levels. In addition, it 
allows the investigator the flexibility to engineer additional 
factors into the virus to overcome potential or identified 
deficiencies of the therapy in the clinical setting. It is 
important to note that treatment with an armed therapeutic 
virus does not exclude the use of chemotherapy, radiation, or 
surgery. To the contrary, as reviewed here, theoretical 
considerations and clinical trial data strongly support the 
use of these agents in combination with the viral -based 
therapy. Consequently, armed therapeutic viruses represent a 
potentially exciting new treatment paradigm for human 
cancers. 
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